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FOREWORD 


This  report  serves  as  a summary  of  the  first  2 years'  experimental 
work  and  is  issued  in  lieu  of  the  Eighth  Quarterly  Progress  Report. 

This  report  was  prepared  by  Battelle  Memorial  Institute  under  USAF 
Contract  No.  AF  33(616)-232.  The  contract  was  initiated  imder  Task  Num- 
ber 70646  and  administered  under  the  direction  of  the  Aeronautical  Research 
Laboratory,  Directorate  of  Research,  Wright  Air  Development  Center.  At 
various  times  during  the  project,  Lt.  George  Johnson,  Captain  John  Mosher, 
and  Lt.  John  P,  Hirth  served  as  Project  Engineers. 

Work  at  Battelle  on  the  preparation  of  rhenium^metal  powder,  electro- 
plating rhenium,  and  the  vapor  pressure  of  rhenium  was  done  by  D.  M. 
Rosenbaum,  Principal  Cheinist,  E.  M.  Sherwood,  Assistant  Division  Chief, 
and  1.  £.  Campbell,  Chief  of  the  Division  of  Inorganic  Chemistry  and  Chemi- 
cal Engineering.  The  work  on  the  physical  and  mechanical  properties  and 
physical  metallurgy  was  done  primarily  by  C.  T,  Sims,  Principal  Metallur- 
gist, C.  M.  Craighead,  Technical  Consultant,  and  R,  I.  Jaffee,  Chief  of  the 
Division  of  Nonferrous  Physical  Metallurgy.  Studies  of  the  electrical, 
electronic,  and  other  physical  properties  were  made  by  D.  N.  Gideon, 
Principal  Physicist,  E,  N.  Wyler,  Assistant  Division  Chief,  and  F.  C.  Todd, 
Chief  of  the  Division  of  Electronic  Physics. 

The  potassium  perrhenate,  from  which  rhenium  metal  was  processed, 
consolidated,  and  fabricated,  was  supplied  to  this  project  free  of  charge 
through  the  kind^iess  of  the  Ksnnecott  Copper  Corporation  and  its  representa- 
tives, Drs.  H.  P.  Croft  and  L,  G.  Jeriness. 
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' <eaate  and  ammo- 


' .ne  -henium  pov/ii^er  potaiaium  parv' v' 

■ .1.  CjQsoUdatiwii  oi  aiJ*  )i»ovder  by  preor^'*”*  linterlng 
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<B  devel.vyed  after  bot  working  proved  lrr;»(*’^**^**^*  meiAl 

id  and  er  stal-bar  forma,  tad  electroplrX  procedures  wi:  ,e 


Methods  ' .>>  'hr  preparation  c 
nlum  perrhena’.e  are  discussed  in  H-. 
into  a sound  tn  .arlv:  bar  is  includL'' 
cold-working  i*id  n nealino  proeed  ■ 
waa  .also  qiade  a-'-jraSteta  arc-m.- 
developed. 

’'arious  r'  ynlcal,  mechanical,  and  electronic  properties  were  detir  A *ined  on  the  a^labi>> 
Jcock.  The  m«.iLi  »g  point  was  3180  C;  the  densiiv  21.0  the  elec.tri'^*^  reslstlrity  19  to  A*. 

miciiohm-centkTPC.ters;  the  vapor  pressure  sllgh'ly  more  than  diat  of  ****  "P*®***!  enilsoiv- 

ity  0.  36  to  0.  42;  and  the  thermal  expansion  6.  8 x tO'^per  cm  for  C in 
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greatly  and  haa 
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■kS  a Young'  a modulus  of  about  67  :r  10*^  psi,  i.c  dv 


is  at  room  temperatr-t  t,  and, 
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00  c. 


A guard • 
rheiiium  det^^rv 
Additions  of  ?h< 
constants  de 


because  ol  j>ol'  ;'lng. 


n^  diode  was  constructructed  and  /•>  « emii.lon  charMterlaHc.  of 

ted;  the  work  function  ia  4.80  ev  ^ Ricbnria.M  conatant  52  amp/cm  /K^. 

?h.  la  to  rhenium  did  not  produce  enh.  .f ' emissioit,  v.  with  tt^aten.  End  a. Ion 

te;  Mined  on  cathodea  Impregnated  alurrdn  ft*  are  beUeved  to  be  Incorrect 
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Rhenium 
tungsten,  the* 
to  tungsten  anc 

Th  It  oxli- 
l^orositv  appi'! 
trol  wa  ’ in  roh 

/.  high  I 
menta.  orgeni 
contacted,  in 
tion  '.'It  the  > 


> been  found  to  have  a far  »<»  th...  delctct^ua  water  cycle  ttan 

.O. contact  tests  showed //*»*'  .'.ndcr  the  tea;  i -v.tdlUons,  -henlum  was  superior 
- inum-rvthenlum. 

, tti>'...;aace  is  good 
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%t  room  tcuiperatt  re,  bw;  a volatile  oxide  form  - abotv  ioP  C. 
fix*  above  230f»  •.%  bit.  W7..»  eliminated  when  rigid  Impurtl)  cem- 


rf  cooperation  has  'ndustrlal,  cdncatlonal,  a-.d  Govern - 

juA  '3  forward  the  us»*  ®-  Appro.clmstely  forty  organlast'.ons  hart  t-ej 
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INVESTIGATIONS  OF  RHENIUM 


INTRODUCTION 

' . ii  ' 

The  met;al  rhenium  never  has  been  the  subject  of  a full-scale  investi- 
gation to  determine  its  physical  and  mechanical  properties  with  the  immedi- 
ate objective  (k  translating  these  propertie’^  into  commercial  usefulness; 
even  though  it  possesses  a favorable  position  in  the  periodic  system  between 
such  high-temperature  metals  as  tantalum  and! tungsten  and  the  precious 
metalS;  such  as  iridium  and  platinum.  This  irUicates  that  rhenium  might 
possess  rather  good  properties  and;  indeed,  prior  to  this  investigation,  its 
melting  point  was  known  to  be  above  3150  C (Second  only  to  tungsten). 

The  knowledge  that  rhenium,  although  generally  very  scarce,  was 
probably  available  in  commercial  quantities  in  North  America  has  come 
from  relatively  recent  findings  by  the  Kennecott  Copper  Companyjjand  The 
Miami  Copper  Company.  These  factors,  combined  with  the  ever-growing 
need  for  materials  to  perform  more  efficiently  under  more  strenuous  condi- 
tions, led  to  this  investigation  of  the  basic  properties  of  rhenium. 


• 1' 


I 

I 


I 


Since  considerable  information  is  already  available  about  the  chemistry 
of  rhenium,  the  current  work  has  involved  investigations  into  the!  physical, 
mechanical,  electronic,  metallurgical,  and  electrical  properties.  This  was 
done  only  after  an  extensive  survey  of  the  literature,  hov/ever,  which  was 
published  shortly  after  the  inception  of  this  research  program* 

At  first,  ;Lt  was  necessary  to  develop  methods  for  the  preparation  of 
massive  rhenium  to  provide  sound  testing  material.  After  many  attempts, 
it  was  realized  that  rhenium  could  not  be  hot  vrorked  readily.  Sintered 
powder-metallurgy-type  rhenium,  however,  was  successfully  fabricated  by 
cold  working  and  annealing,  so  that  rhenium  rod,  wire,  sheet,  and  strip 
have  been  prepared. 

.1  '5 

Information  uncovered  to  date  by  properties  tests  has  revealed  that 
rhenium  is  a very  dense  high-melting  metak  with  a vapor  pre8.*v.r?  close  to 
that  of  tantalum.  It  possesses  high  room^-temperature  and  elevated- 
temperature  tensile  strength.  Although  ductile  at  room  temperature  when 
annealed,  it  work  hardens  very  greatly.  These  latter  properties  led  to 
basic  studies  of  rheiduin*  s potentialities  as  an  electrical  contact  material; 
the  results  of  these  stvidies  are  very  promising. 

In  addition,  rhenium  has  shown  high  resistance  to  the  deleterious 
’’wuicr  cycle",  a phenomenon  that  plagues  tungsten  when  it  Is  operated  as  a 
high-temperature  filament.  This  property,  combined  with  rheniurn’  » 
room-temperature  ductility  and  high  strength,  bodes  well  for  the  feaiibility 
of  uKlng  rheni  im  as  an  electron-tube  component.  Further,  recent  findings 
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mi^y  le&4  to  the  u|e  cf  rh|eniutn'^ as  a constituent  of  impregnated  pathodes. 
Several  bther  uses  been  sijiggested  and  are  contemplated  for  tbe  metal. 

Throughout  the  recent  studies,  olosei  contact  hat^  been  maintained  with 
industi-ial,  educational,  and  Governmeh,tal  institutions,  so  that  the  potential 
of  rhenium  can  be  realized  to  the  fullest.  An  almost  continuous  demand  for 
samples  of  the  metal,  combined  with  the  recent  encouraging  experimental 
findings,  indicates  that  rhenium  may,  soon  "come  of  age"  and  be  made  avail- 
able commercially.  . :l  ' 


METAL  Ff reparation 


Introduction 

![  , 

The  main  objective  of  thiS;  phase  of  the  work  was  the  preparation  of 
high-purity  rhenium  metal  in  powder  form  suitable  for  subsequent  fabrica- 
tion into  massive  metal  by  the.powder-metallurgy  techniques  described  in 
the  next  section  of' this  report^’  Since  only  a limited  amount  of  rhenium  was 
available,  a scrap* recovery  program  was. instituted  which  permitted  the 
• converUicn  of  used  or  impure  rhenium  back  into  the  form  of  high-purity 
powder  for  subsequent  studies. 

Rhenium  was  also  prepared  in  massive  form  by  a hot-wire  reduction 
technique,  which  involved  consolidation  of  metal  in  the  form  of  U-shaped 
"crystal  b^rs"  weighing  about  l/Z  pound  each. 


Source  Material 


The  starting  material  for  the  preparation  of  rhenium  powder  is  high- 
purity  potassium  perrhenate.  A total  of  12  pounds  of  potassium  perrhenate 
was  supplied  gratis  by  the  Kennecott  Copper  Corporation.  An  analysis  of 
this  starting  material  is  given  in  Table  1. 


Rhenium-Metal  Powder  From  High-Purity 
Potassium  Perrhenate 


vThe  starting  material  for  the  preparation  of  rhemn.rh  powder  is  high- 
purity  potassium  perrhenate  mentioned  above,  .About  3 pounds  of  this 
pota/isiun'i  perrhenate  is  placed  in  a 4-inch  stainless  steel  tube  and  reduced 
to  a mixture  of  vhenium  metal  and  rhenium  dioxide  by  hydimgen  at  500  C. 
Reduction  was  considered  complete  when  condensation  of  ::noi‘»ture  from  the 
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exit  gas  wa^  no  longer  o’jserved.  The  reduction  prodlicts  were  washed  by 
decantation  witJi  hot  water  until  essentially  free  of  alkali.  The  leached 
rhenium  ->  rhenium  dioxide  mixture  was  reduced  tb  metal  at  1000  C in 
hydrogen.  The  iinetal  was  leached  with  dilute  hydrochloric  ,'^cid  and  then 
washed  by  decantation  with  hot  distilled  water  until  neutral.  The  rhenium 
powder  was  treated  with  hydrogen  at  1000  C again.  The  process  was  carried 
out  with  recovery  of  about  93  per  cent  of  the  availably  rhe5?.ium.  Approxi- 
mately 1.  6 pounds  of  powder  was  prepared  by  this  method,  A typical  analy- 
sis of  this  powder  is  given  in  Table  T. 

It  was  ^lOpossible  to  remove  all  traces  of  residual  potassiuni  from  the 
powder;  therefore,  ammonium  perrhenate  was  prepared  from  potassium 
pcrrhenate  and  used  as  source  material  for  the  preparation  of  rhenium  pow- 
der, In  the  reduction  of  ammonium  perrhenate,  the  ammonium  hydroxide, 
fornied  as  a reduction  product,  was  volatile  and  did  not  remain  behind  to 
contaminate  the  powder,  1 

• ■■  - . ■ ii  " 

Rhenium-Metal  Powder  From  Ammonium  jPerrhenate 

Potassium  Perrhenate  as  Starting  Material 

Starting  with  high-purity  potassium  perrhenate,  a rhenium  ~ rhenium 
dioxide  mixture  was  prepared  by  one  hydrogen  reduction  and  one  leaching, 
as  described  above  {see  Flowsheet,  Figure  1),  This  powder  was  then  placed 
in  a Vycor  tube  and  heated  to  800  C in  a heliun*  atmosphere.  Tank  oxygen 
was  permitted  to  flow  through  the  tube,  resulting  in  the  formation  of  the 
volatile  rhenium  heptoxide,  which  condense  * in  a cooler  portion  of  the  tube,, 
The  heptoxide  was  washed  out  of  the  tube  with  distilled  water  and  then  this 
aqueous  solution  was  filtered  to  remove  any  acid-insoluble  impurities.  Then 
the  perrhenic  acid  solution  was  neutralized  with  concentrated  ammonium 
hydroxide,  precipitating  moderately  soluble  crystalline  ammonium  per- 
rhenate. Iron,  picked  up  from  the  stainless  steel  reductor,  was  co- 
prec.f.pitated  as  ferric  hydroxide  with  the  ammonium  perrhenate.  This  ferric 
hydroxide  was  separated  from  the  ammonium  perrhenate  by  using  a Soxhlet 
Extractor  with  very  dilute  ammonium  hydroxide  as  the  solvent.  The  insolu- 
ble ferric  hydroxide  remained  in  the  thimble,  while  the  moderately  soluble 
ammonium  perrhenate  went  into  solution.  This  purified  ammonium  per- 
rhenate  (see  typical  analysis  in  Table  1)  was  recovered  from  the  aqueous 
solution  by  evaporation. 

Previous  experimentation  (see  section  on  consolidation  and  fabrication) 
had  indicated  that  minus  325-mesh  rhenium  oowder  was  suitable  for  powder- 
metallurgy  studies.  Minus  325-mc3h  ammonijus  perrhenate  was  prepared 
by  dry  grinding  high-puriiy  niaieriai  for  I hour  in  a Canadian  rubber-lined 
ball  mill  using  balls.  Approximately  two-thirds  of  charge 

" A|»pTOwnwMly  Al^;  b»Unt»  rrto,  MgO, 


WADC  TR  54-371 


4 


j — — == — _ 1 NH4R<04 

d~\  Evaporation  K'"::.  - 


fKRo04 

f RiductioiwSOOC 

kOHvF^* 

-LoOehinq  „ 

TSotRi^  " 

! Dryin<|,rooin  tomporotoro 
I Ro  -f  RoOt 

I’FFl  

Oxidof  lon,800  C 

I RtfOt 

yrtgOi 

Solution 

|hr«04 

fFotOsi?) 

Neutral  izotion 

NH4Re04.  Ff(OH)$ 

!fNH40H 


Puro  dry  Hg 


Tonk  Og 


NH4|0H 


NH4OH 


A NH40H> 


Fl(OH)a 


! Filtrotipn 

TnJufSo# 

jrwwnij 

Soxhiet  extroction  | 

IcryttoHine 
^NH4Re04  

Boll  oiilting 

Csss  mesh  NH4Re04 


W 

‘^NH40H  (troet) 


J»t40H 

* Hsb 


Rtductioii»600C 


1 


IRf  powder 


# Sfoiniett  steel  reduction  veaiel  it  source  of  tNa  Iron 


FIGURE  I.  FLOWSHEET  FOR  CONVERSION  OF  POTASSIUM  PERRHENATE 
TO  PERHI«NAT£  AND  THE  REDUCTION  OF 

AMMONIUM  PERRHENATE  TO  RHENIUM  METAL 
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had  the  r^^quired  particle  siaei  the  other  fraction  was  rfepurified  in  a 
Soxhlet  Extractor  as  deacribed  above.,  Approiainiateiy  4 i>bunds  of  metal 
powder  was  prepared  by  this  method  at  an  over  - all  efficiency  of  about  90 
per  cent.  Considerable  amounts  of  impurities  (see  Table  1 for  typical 
analysis)  were  picked  up  in  this  bail-milling  operation.  At  first,  this  im- 
purity, content  did  not  appear  to  affect  the  physical  and  mechanical  proper- 
ties noticeably.  Further  investigatior^s  indicated,  however,  that  metal 
powder  prepared  from  high-purity  ammonium  psrrhenate,  which  was  re- 
duced to  a particle  size  of  -325  mesh  by  grinding  in  an  agate  mbrtar  (for 
analysis  see  Table  1),  possessed  a melting  point  approximately  80  C higher 
than  that  of  the  ball-milled  material.^  Various  methods  for  the  preparation 
of  high-purity  minus  325-mesh  ammonium  perrheiiate  are  now  under  inves- 
tigation. 

■'■ii  ■ ' A 

Rhenium  Scrap  a'i?  a Starting  Material 

An  important  phase  in  any  metal-preparation  program  is  scrap 
recovery.  This  scrap  rhenium  included  all  test  specimens,  many  rhenium 
alloys  (particularly  with  thorium),  material  that  had  failed  during  fabrica- 
tion, and  the  unfabricable  ends  of  sintered  bars. 

Rhenium  scrap  was  converted  to  ammonium  perrhenate  i.n  the  manner 
described  above.  The  first  step  in  this  procedure  was  the  oxidation  of  the 
metal  at  800  C,  followed  by  solution  of  the  heptoxide,  and  neutiralizatibn  of 
the  perrhenic  acid  by  ammonium  hydro^cide  to  form  ammonium  perrhenate 
(see  Table  1 for  typical  analysis).  Then  thU  perrhenate  was  purified  and 
reduced  to  rheniiun  powder.  Approximately  7.  5 pounds  of  metal  powder 
was  prepared  from  rhenium  scrap  at  a recovery  efficiency  of  about  95  per 
cent. 

Rhenium  Crystal  Bar 

Three  V-shaped  crystal  bars  of  rhenium  metal  were  prepared  by  a 
hot-wire  reduction  technique  developed  for  the  Kennecott  Copper  Corpora- 
tion. 

Table  2 is  a summary  of  some  descriptive  characteristics  of  the 
crystal  hairs. 

X\  - ' 

The  general  appearance  of  one  of  the  crystal  bars  as  compared  with 
other  types  of  consolidates  is  illustrated  in  the  next  section  of  the  report. 

In  Figure  2,  a m,  unification  of  the  hairpin  V,  the  polycrystalline  nature  of 
the  deposited  metol  is  evident. 

Figure  3 is  a photomicrograph  montage  of  the  transverse  section  of  a 
crystal  bar.  The  pronounced  concentrations  of  voids  at  least  two  radial  dis- 
tances from  the  tungsten  core  wire  made  fabrication  extremely  difficult. 
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CRYSTAL  BAR!  APEX  OF  THE  V 
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FIGURE  3.  PHOTOMICROGRAPH  MONTAGE  OF  TRANSVERSF. 
SECTION  OF  RHENIUM  CRYSTAL  BAR 

Electrolytic  Oxalic  Acid  Etch 
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TABLE  2,  RHENIUM  CRYSTAL  BARS 


'■  ',5 

■ .} 

Weight, 

Diameter,  . 

Bar 

grams 

iiich 

Appearance 

o" 

223.8 


193.3 

196.3 


0.199 


0.185 

0,192 


,,  Dark-gray  td  black  diffuse 
illumination  (Figures  2 
and  4a).  "Surface’-  com- 
prised m wy  fine>  ne  edle- 
shaped  radial  crystals, ' 
individually  producing 
good  specular  reflection 

' ’ t 

1 Ditto 


Analysis  of  a typical  crystal  bar  is  giveu  in  Table  1, 


CONSOLIDATION  AND  FABRICATION 


Pure  Rhenium 


Rhenium  was  consolidated  by  three  different  methods  for  use  in  fabri- 
cation studies.  These  methods  yielded  three  types  of  rhenium:  (1)  crystal- 
bar  rhenium  prepared  by  the  decomposition  of  a rhenium  halide  on  a hot 
tungsten  wire;  (2)  arc-melted  rhenium  prepared  from  cut  crystal  bar  or 
granules  of  partially  sintered  bar  stock;  and  (3)  sintered  rhenium  compacts, 
prepared  by  pressing  and  sintering  rhenium  using  accepted  powder- 
metallurgy  techniques.  In  general,  attempts  to  fabricate  the  first  two  types 
of  consolidated  metal  gave  poor  results,  but  fabrication  of  powder- 
metallurgy-type  rhenium  progressed  satisfactorily  to  wire  and  sheet.  The 
three  types  of  metal  in  the  consolidated  condition  are  shown  in  Figure  4. 

A more  detailed  discussion  of  this  work  follows. 


Crystal-Bar  Rhenium 


Hot  Swaging.  Following  the  general  procedures  recommended  by 
Smithells ~or  tungsten,  this  was  the  first  fabrication  technique  attempted, 
Reference}  are  lilted  95  end  of  th^  r?c-?r^ 
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In  ^is  procedure^  the  swaging  t<tmper9:ture  was  lowered  slowly  from  1500  C 
tb  1400  C during  nine  passes,  each  at  10  per  cent  reduction  in  area.  : 

V The  spccinn,en  was  heated  to  swaging  temperature  in  hydrogen.  The  bar 
commenced  cracking  i&n  the  tliird  passi'and  had  broken  up  completely  by  the 
ninth  pass.  The  rod  was  covered  with  cracks  and  voids,  and  metallographic 

inspection  showed  what  appeared  to  be  many  oxide  centers  within  the  tnetal. 

It  was  obvious  that  internal  oxidation  haused  most  of  the  poor  hot  workability. 

Accordingly,  two  separate  crystal-bar  specimens,  ground  to  a smooth 
surface  finish,  were  encapsulated  in  mild  steel  and  evacuated  to  eliminate 
' oxygen  from  the  ambient  atmosphere  during  swaging. : The  capsules  were 
swaged  at  ,1400  C w'ith  10  per  cent  reduction  in  cross-sectional  area  per 
pass.  One  specimen„brokc  up  dpring  swhging  after  a few  passes  and  the 
other,  although  reducing  well,  behaved  strangely.  Subsequent  inspection  of 
both  showed  that  the  rhenium  had  broken  dp  into  small  pieces,  scattered 
more  or  less  uniformly  in  the  iron  matrix  along  the  centers  of  the  rods. 

It  was  then  i&pparent  that  hot  swaging  of  crystal  bar,  encapsulated  or  not, 
was;|iinprac|;icai.  . 

' Gold  Swaging.  In  this  experiment,  one  pass  at  10  per  cent  reduction 
was  given,  followed  by  an  anneahat  2500  C,  On  the  second  cold  pass,  the 
bar  cracked  up.  r , 

It  had  become  quite  evident  that  crystal  bar  was  virtually  unworkable, 
largely  for  the  following  reasons i 

(1)  The  as-deposited  surface  wa's  rough  and  spiny,  causing 
many  stress  raisers  (see  Figure  2). 

[,  (2)  Iiuernaiiy,  the  crystal  bar  appeared  to  possess  rings  of 

voids  wheie  various  deposition  cycles  commenced  or 
ended  (see  Figure  3). 

(3)  The  grains  were  quite  large,  tending  toward  poor  internal 

cohesion  during  working  operations  (see  Figure  3). 


Arc-M.clted  Rhenium 

• -■  'f  . 

as  a method  of  consolidation,  was  accomplished  by 

The  chunks  of  crystal  bar  or  partially  sintered  pressings 

thA  K ”8on  on  a water-cooled  copper  heir  h 

the  arc  beine  dir^ctW.  n.-  ncarm, 

this  manner  5 to  Sfi  ^ With  a movable  tungsten  electrode.  In 

mreT  SO.gram  rhenium  buttons  possessing  few  voids  were  pre- 

40  button  was  cold  pressed  to 

possessed  s certain  amou^t^^f  »e£ore  cracking,  indicating  that  rhenium 

e*  , in  amount  of  room-temperature  ductility,  despite  the 
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failure  of  hot-  and  cold-working  operations  on  crystal-bar  metal.  This  also 
indicated  that  cold-working  or  hot-working  operations  might  be  more  suc- 
cessful if  carried  out  on  starting  material  that  v/as  more  nearly  sound  an^ 
compact  than  the  crystal  bar. 

Hot  and  Cold  Rolling.  The  arc-melted  rhenium  exhibited  the  same 
ductility  as  mentioned  above  when  cold  rolled.  It  was  found  possible  to  roll 
out  50-rnil  sheet  from  arc-cast  buttons  if  intermediate  anneals  of  1 to  2 
hours  at  1400  to  1700  C were  given  to  keep  the  surface  hariiness  low.  Re- 
duction was  about  2G  per  cent  between  each  anneal,  and  sheets  of  the  type 
illustrated  in  Figure  5a  were  obtained.  Conversely,  numeroulk  hot- rolling 
attempts  at  temperatures  ranging  from  SOO  to  1500  C resulted  in  failure  by 
an  intergranular  type  of  separation,  as  illustrated  by  Figure  5b. 

Concurrently,  hot  break-down  forging  of  thr?:  large  button  illustrated 
in  Figure  4 was  carried  out  at  1500  G.  Results  w'ere  even  worse  than  those 
observed  with  hot  rolling.  Two  blows  of  the  forging  hammer  produced  the 
separated,  exfoliated  condition  shown  in  Figure  5c. 

Other  concurrent  experiments  on  the  hot  working  of  sintered  rhenium 
(as  reported  below)  were  also  a.  failure.  Thus,  it  was  apparent  that  rhenium 
could  not  be  hot  worked  in  air,  its  consolidated  form  notwithstanding,  so  an 
analytical  study  was  conducted  on  a series  of  arc-melted  buttons  to  dstcr^ 
mine  the  cause  of  rhenium' s apparent  hot  shortness.  ii 

One  as-^melted  button  was  analyzed  for  oxygen,  hydrogen,  and  nitrogen 
by  the  vacuui'xi-fusion  method;  this  was  considered  a blank.  Another  was 
annealed  in  hydrogen  at:  I SOO  C for  30  minutes,  and  then  hydrogen  quenched 
and  analyzed.  The  third  w'as  heated  in  hydrogen  to  1500  C for  ten  periods 
of  3 minutes  each,  being  taken  from  the  furnace  for  an  air  quench  between 
each  heating  period;  analysis  followed.  This  simulated  hot-working  condi- 
tions without  physically  distorting  the  specimen.  The  metallographic 
structure  of  each  specimen  is  shown  in  Figure  6 and  the  analytical  results 
are  given  in  Table  3.  As  can  be  seen,  the  hydrogen  annealing  treatment 
with  hydrogen  cooling  reduced  the  gas  content  in  almost  all  cases,  but; 
caused  the  appearance  of  a dark  phase  at  the  grain  boundaries;  The  simu- 
lated hot-worlang  treatment  caused  a large  increase  in  gas  content  and  the 
appearance  of  considerable  dark  phase  at  the  grain  boundaries.  It  is  proba- 
ble that  rhenium,  which  oxidizes  readily  in  air  at  elevated  temperatures, 
forms  an  oxide  phase  at  the  grain  boundaries.  Since  rhenium 

heptoxide,  melts  at  297  C and  bcils  at  363  C,  it  is  probable  that  this  oxide 
is  in  vapor  form  during  hot  working  and  causes  hot  shortness. 

Hot  Clad  Swaging  and  Cold  Swagini?,  The  hot  clad  swaging  was  con- 
ducted in  exactly  the  same  xnanner  as  described  above  for  crystal  bar. 
Results  vyere  inconclusive,  but  work  was  abandoned  because  successful 
methods  had  h^en  developed  meanwhile  for  working  sintered  rhernum. 
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TABLE  3.  ANALYTICAL  HISTORY  OF  THREE  HI:AT-TREATED 
RHENIUM  BUTTONS 


Condition 

of 

Button 

02 

Vacu-am- Fusion 
Analysis,\ 

-..PPP^ 

Hz 

N2 

1 

Reference 

Figure 

As  arc  melted 

10 

l.C 

<2 

6a 

Heated  in  hydrogen  at  1500  C 
for  30  minutes:  hydrogen 
muffle  cooled 

3 

0.2 

< 4 

6b 

Heated  in  hydrogen  at  1500  C 
for  10  periods  of  3 minutes 
each;  air  quenclted’tietvtreen 
cycles 

76 

12.0 

. . ..  ;,L 

13 

6c 

Cold  swaging  was  more  successful,  however.  A finger* shaped  arc* 
melted  button  was  cast,  and  then  cold  forged  and  cold  rolled  to  a round 
cross  section.  Intermediate  anneals  of  1 to  3 hours  at  1700  C were  given. 
The  button  was  then  loosely  encased  in  one  end  of  a length  of  copper  tubing 
and  cold  swaged.  Annealing,  re-encasement,  and  more  swaging  followed. 
Eventually  the  button  was  long  enough  to  swage  without  being  supported  by 
the  copper  tubing,  and  80-mil  rod  was  prepared  by  alternately  swaging  at 
20  per  cent  reduction  in  cross-sectional  area  per  pass  and  annealing  at 
1700  C for  about  2 hours.  The  rod  so  prepared  possessed  some  cracks  and 
surface  flaws,  but  proved  that  arc-melted  metal  could  be  worked  into  fine- 
gage  rod  by  cold  working  if  sufficient  care  was  taken. 

As  was  previously  mentioned,  simpler  cold-working  techniques  had 
been  developed  meanwhile  for  pressed  and  sintered  rhenium.  Metal 
preparation  from  arc-melted  consolidates  was  abandoned  entirely  in  favor  of 
the  methods  described  below. 


Powder-Metallurgy-Type  Rhenium 

Rhenium  currently  used  for  expevimcntal  purpo£|es  on  this  project  is 
prepared  entirely  by  powder-metallur^^r  ^r^cedures,  ks  the  products  of  this 
consolidation  method  can  be  fabricated  more  easily  and  are  more  versatile 
than  rhenium  prepared  by  the  methods  described  above.  The  starting  mate- 
rial is  rhenium-m.etal  powder  reduced  from  ammon'txm  uerrhenVite.  Chemi- 
cal procedures  for  the  preparation  of  this  metal  wet* 
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iMtially^  attempts  were  made  to  pressf and  sinter  rkenium--inetat 

ij  •"  %■  m - A — ^ I_  J 

'i: 


pdsvde^i  reduced  from  potasjjtium  perrKenate,  an  attack  vrHick  proved  iruit- " 
Uesa.  jjProper  preiiaing  wa^l  achievedj  but  insufficient  densificatibn  occurred 
duringlnumerous  and  yaryidg  sintering  attempts.  Accordingly,  axnmbdidm  ' 
perrhejnate  was  prepared  and  rhenium^metal  nowder  reduced  from  it  as 
describe^  previously^  Similar  1/4  x V4  x 6*incH  pressings  were  ihade 
from  ^ach  type  of  powd«|r,  and  both  si&tered  together  at  1500  C for  2 hours. 
iThe  r^jsults  are  Shown  in  Figure  7,  and  indicate  that  the  presence  of  K^Oj 
majolr  impurity  in  the  potassium  perrhenate-parent  metal,  inhibits  proper/ 
dehsificatioh.  ' ■■—-..s'  I ■::*!’  ''  //  ,''''■ 


Following 
pCrrhenate  and 


this  exp 
consolidi 


[seriment,  all  ipetal  was  prepared  <from  ammonium 
ated  and  fabridated  by  the  following  procedures. 


Particle  Siae.,  This  factor  , is  of  prime  importance,  as  is  the  case  in 
all  powder«metaUur|[y^  processes;;.  It  was  found  by  trial  and  error  that 
proper  densification  ct^uld.not  be  obtained  unless  virtually  all  the  powder 
passed  a 3>2^*’mesh:  Sci|een.  A'isual  estamination  of  this  powder  (Figure  8) 
showed  that  the  pa|;tic]!e  sixe  probably  ranged  between  1 and  25  microns. 

Pressing.  This  operation  was  accom|plished  in  a berdened  steel  die, 
so  designed  as  to  give  a l/4  by  l/4^by  6-inch  pressing.  This  long  shape  is 
required  in  order  to  sinter  the  bar  by  self-resistance  heating.  In  general, 

60  to  65  grams  of  rhenium  powder  are  required  for  this  size.  The  die  is 
imbricated  wi|;h  a solution  of  stearic  acid  in  ether,  ipplied  to  the  walls  with 
a bwab  prior  to  pressing,  The  pressing  pressure  is\30  tons  per  square  inch, 
and,  since  the  rhenium  powd!er  is  quite  bulky,  the  pressing  ratio  is  6 to  1. 
Thd^as-pressed  ba^s  are  extremely  fragile  and  must  be  handled  with  care. 
Their  density  is  usually  about  40  percent  of  the  theoretical  value,  21  grams 
per  cubic  centimeter,  A bar  in  the  as-pressed  conditidn  is  shown  in  Figure 
9a:'  -i,.-  :■ 


I 

I 

I 

I; 

i: 
li 
■« 


Presintering.  This  process  i's  designed  to  provide  sufficient  strength 
for  handling  ptmor  to  high-temperdtjcz’U  sintering,  and  is  accomplished  by 
heating  the  .pressed  bar  to  1200  C ifdr  2 hours  in  a vacuum  of  about  0.01 
micron.  This  causes  a nslight  densification  and  a great  increaseUn  strength. 
Th^  density  increases  to  abonc  SO  piir  cent  of  theoretical,  and  the  bar 
appiears  as  in  j^igure  9b.  The  vacuum  presinter  evidently  has  some  purifi- 
catUn  hydrogen  presinters  i|ere  used  originally,  but  it  was  found 

that  a vticuum  presinter  improved:  subsequent  densification  by  electric  sin- 
.tering,  S 

jElmciric  iSihte ring.  Following  presimcring,  the  bar  is  eleclricslly 
' heated  by  self- resistance  in  a sintering  "bottle”  similar  to  those  used  in 
1 industry,  where  the  presintered  barjis  suspended  vertically  between  two 
i|  water-cooled  molybdenum  clip*  and  heated  by  self-resistance.  The  lower 
the  two  clips  is  suspended  in  a pool  of  mercury,  i,t,  that  electrical  contact 
.lip. maintained  as  the  bar  shrinks  in  length.  The  fintirc  operation  is  conducted 
/linder  dt;y  flowing  hydrogen.  Current  is  applied  slowly  to  the  bar  until  it 
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FIGURE  7, 


EFFECT  OF  SINTERING  IN  HYDROGEN  AT  1500  G FOR  2 
■HOURS  ON  RHENIUM- METAL  POWDER  PREPARE^  FROM 
POTASSIUM  PERRKENATE  (ABOVE)  AND  AMMONIUM 
PERRHENATE (BELOW) 
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FIGURE  8.  RHENIUM- METAL  i»OWDER  REDUCED  FROI 
AMMONIUM  PERRHENATE;  PARTICLE  SIZE 
i TO  25  MICRONS 
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reaches  a true  teti^peilature  of  2700  C.  It  is  maintained  at  this  temperal,ure 
for  about  1 honr,  Fo]||a  l/4  by  l/l  x 6-> inch  bar,  this  requires  about  8 volts 
1 200  amperes.  Following  sintering,  the  bar  is  about  90  per  cent  of 
theoretical  density  and  has  tbe  outward  appearance  shown  in  Figure  9c.  Its 
microstructur^  is  shdwn  in  Figure  10. 


V:acuum  sinteiiUg  was  attenlpted  several  times  to  test  its  effect  on  sub- 
sequent fabrication  operations,  but  difficulty  was  encountered  because  of 
mechanical  problem sji  and  the  effort  was  abandoned.  A summation  of  tlie 
pow:dcr-c6nsolidatiOn' procedures  is  given  in  Table  4.  / 


TABLE  4,  PROCEDURk  F0R  THE  PREPARATION  OF  SINTERED 
RHENIUM  BAR  FROM  RHENIUM  POWDER 


Operation 

n . 

Time, 

hours 

Temper- 

ature, 

C 

))  ■■ 

Percentage 

of 

..  Theoretical 
Density,  ; 
Achieved 

Reference 

Figure 

s 

Remarks 

Pressing 

; ; ■ fl  ' 

o 

'■ 

, ''9a 

30  T/in.  2.  i 
Lubricate  jdie 

■ ,1  - 1 • ' 

^ 

iwith  stearic 

■ /'I* 

>1  T, 

! ■ !i 

1' 

■acid. 

■I  '' 

Pre  sintering 

■ i 

'f 

1200 

50 

9b 

ii 

In  vacuum  ' 

Sintering 

i 

ii 

2700 

90 

9c 

In  hydrogen 

Hot  Workinfl^i  Generally,  ai|l  hot-^working  atteinp|ts  on  pressed  and 
sintered  bar  were  unsuccessful,  /These  attempts  consisted  primarily  of  hot 
rolling,  hot  swaging^,  and  hot  wli'e  drawing  of  a;  previously  cold-swaged  rod. 

::  ii  " ■!  ■ ■ 

Hot  swaging  was  tried  at  this  iaboiratory  and  also  at  the  Cleveland 
Wire  Works  of  khe  General  Electrid  Company.  Hot  swaging  at  Battelle  was 
attempted  at  141)0  C on  a.  square  sintered  bar.  The  bar  developed  cracks 
during  the  third' pass  of  a 10  per  cbnt  reduction  series,  and  breakage  oc- 
curred bn  the  tenth  pass.  Dies  of  different  bax-rel  lengths  were  investigated, 
but  no  better  results  were  obtained.  Concurrently,  sintered  rhenium  was 
taken  to  the  Cleveland  Wire  Works,  with  the  request  that  it  be  ‘'swaged  as  if 
it  tungst'jii*'-,  T.j  compictcly  broke  up  during  the  first  pass  at  i550  C. 
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Hot  swaging  was  also  attempted  after  rounding  and  partial  reduction  of 
a sintered  bar  by  cold  swagingb  Fair  success  was  attained  for  several  / 
passes  at  10  per  cent  reduction,  but  cracking  eventually  appeared  eind  die 
wear  was  very  heavy.  Clad  and  evacuated  swaging  operations  bn  sintered 
bar  als:>  resulted  in  failure;  despite  the  claddings  the  specimen  was  crushed 
by  the  swaging  operation.  The  hot-swaging  program  was  abandoned  subse- 
quently. 


Numerous!  attempts  at  hot  rolling  from  temperatures  in  the  range 
1400  C to  1700.C,  and  by  reductions  ranging  from  10  to  40  per  cent  per  pass, 
generally  resulted  in  failure  by  cracking,  One  attempt  was  successful,  how- 


ever, and  it  is  planned  to  expand  this  work  in  the  future.  In  this  one  case. 


a specimen  previously  reduced  75  per  cent  by  cold  rolling  ^d  possessing  a 
few  edge  cracks  was  reduced  an  additional  60  per  cent  at  1475  C to  0^026- 
inch  thickness.  No  further  edge  or  surface  cracking  occurred,  although 
liardening  from  300  VHN  initially  to  about  500  VHN  took  place.  This  indi- 
cates  that  hot  rolling  at  these  temperatures  requires  some  intermediate 
annealing,  If  care  were  to  be  exercised,  hot  rolling  might  be  possible  after 
initial  fabrication  by  cold  working. 


Hot-wire  drawing  of  rhenium  rod  reduced  to  60-mil  diameter  by  cold 
swaging  was  investigated  through  the  courtesy  of  the  Cleveland  W^ire  Works. 
Breakage  usually  occurred  on  the  second  or  third  p&sB,  each  at  about  10  per 
cent  reduction  in  cross-sectional  area.  However,  several,  successful  passes 
we:r|!  made  at  JjO  per  cent  reduction  by  drawing  very  slowly  (8  to  9 feet  per 
mint^te)  using  a Kar.o- graphite  lubricant.  The  wire  was  htlatcd  to  cherry  red 
for  the  drafts.  It  was  decided  that  the  lubrication  wrj.s  poor  in  all  cases, 
and  that  copper-plated  wire  might  draw  well.  This  was  attempted,  but  was 
unsuccessful. 


Gold  Working;  General.  The:  various  types  of  cold  working  are  de- 
scribed separately  in  detail  below,  ' as  cold  working  has  proved  quite  suc- 
cessful. From  the  e3|.periments  and  operations  described,  procedures  for 
the  preparation  of  wire  and  sheet  have  been  evolved.  For  simplicity,  the 
cold-workinlJ  ope  rati, iillns  nec^essary  for  wire  preparation  are  summarized,  in 
Table  5.  Several  balWc  requirements,  which  apply  to  yirtunlly  all  of  the 
cold-working  operations,  follow; 


(1)  ;As*sintered  bar  should  be  lightly  surface  worked  by  either, 
hand  forging  or  rolling  to  build  up  a fine-grained  structure 
to  prevent  surface  cracking. 


(2)  Reduction  is  usually  from  10  to  20  per  cent  in  cross-sectional 
ar'  a per  pass., 


(3)  Each  cold-working  pass  must  be  preceded  by  an  anneal, 
usually  in  hydrogen,  at  1600  to  1750  C for  1 to  .3  Houts. 


ii  , 


I 


KM 


(4)  Following  the  anneal,  tlx'e  surface  Ixar^ess  must  not  exceed 
about  300  VHN  for  forged,  swaged,  or  drawn  material  and, 
about  350  VHN  for  rolled  material.  I 

Typical  microstructures  resultino  from  roM  s 

seen  in  the  section  on  recrystallizatioh  later  in  this  report. 

Cold  Forging.  No  heavy  machine  forging  has  be<m  done  cold  on  sin- 
tered rhenium,  but  the  initial  operation  following  sintejfing  of  a bar  in  prepa- 
ration for  swaging  is  a cold  hand-forging  oi»eration.  The  bar  is  lightly  hand 
haniniered„(oz|)  peened)  along  the  corhers'^of  the  bar.  This  flattens  the 
corners  slightly  and  tends  to  build  up  a fine,  strong,  grain  structure  with 
high  resistimce  to  cracking  at  the  zones  of  high  secondary  tensile  stress 
during  fabrication,  namely  the  corners. 

„ : Rolling;  I.  Preparation  of  Rod.  The  cold  rolling  of  rhenium  has 

fallen  into  two  phases  in  the  present  work.  The  first  ohase  was  the  use  6f 
coidj  rolling  as  a tool  in  the  preparation  of  swaged  rod/  as  is  being  rel^^ 
in  this  section.  The  other  phase  was  the  direct  cold  rolling  of  rhenium  to 
siieet  and  strip,  which  is  reported  later. 

Fi  / f of  rod,  cold  rolling  is  used  in  three  operations. 

First,  if  the  bar  is  not  square  following  sintering,  the  bar  is  cold  rolled 

vety  hghtiy  to  square  it.  This  is  usually  a matter  of  1 or  2 per  cent  rcduc- 
tic^n  and  is  not  reported  in  Table  5.  / ^ 

j The  second  Cold- rolling  operation  is  a very  important  step.  FollowinH 
the  operation,  the  bar  is  cold  ijoUed  on  the  small  flats  resulting 

Fig^e  1 Ic.  Reduction  is  of  the  order  of  5 tq  8 per  ceht  per  pass  and 

not'C  r r'  are  given;  1/2  hnar  at 

i70,i>  C IS  usually  sufficient. 

ii  if  allowing  (this,  it  is  usually  necessary  to  cold  roll  on  the  orioinal 

square  flats  to  decrease  creping  caused  by  the  octagonnzing  This  step  is 
summarized  in  Table  5.  o - ng.  mis  step  is 

ar-w  ii-  Preparaflon  of  bheet  and  Strip,  Since  success  was 

inve  sro‘^^''H  **  fabrication  of  rod  by  cdld-working  methods,  cold  rolling  was 
nvfistigated  ^ja  a means  of  preparing  thin  sheet  and  strip,  ^ 

hiHlH  i«  lightly  peened  along  the  edges  and  corL-s  to 

-Si  Zn  N«t,  ,h.  bnr  i.  cold  rolled  lightl^eev! 

In  genernl,  the  procedure  ie  to  reduce  between  5 and  10  ner 

cent  per  pass  and  then  finTtr;ai  foj-  2 hours  "fc  1700  f la  * 1 l 

do  not  seem  tn  fall  j * 'I'®  Poatanneal  hardnesses 

ne,|  unX-r  v™  eterift?;  *"  lower  the  bard- 

II  ........  /HN,  even  after  repeated  annealing.  NevertheU.ee,  cold 
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TABLE  5.  PROCEDURE  FOB  THE  PREPARATION  OF  RHENIUM  WIRE  FROM  SINTERED  BAR 


(a)  As^Sintsred  Rhenium  Cross  Section 


(b)  As -Edge 'Forged  Rhenium  Cross  Section 


(cl  AS' Octogonized  Rhenium  Cross  Section 


■"  '"ir  „ 

{d)  As' Swaged  Rhenium  Cross  Section 


FIGURE  li.  steps  iN  THE  PREPARATION  OF  RHENIUM 
ROD 
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working  after  annealing  to  about  350  VHN  has  j/^ound  quite  satiefuctory-  - ^ 
if  the  operation  is  rollirig  only.  This  is  not  true  for  swaged  matepal,  as  ^.s 
/noted  below.  „ ,X 

F ■ ■ I,  " v'  V ^ ''i 

Obviously,  the  reduction  to  thlli  sheet  of  sintered  bar  1/4  jc:i/4  inch 
in  cross  section  by  10  per  cent  reductions  with  long  intermediate  anneals  is  | 
very  time  consuming.  The  procedure  has  been  shortened  conside,;tai>iy  by  | 
adopting  a policy  of  pressing  bars  with  a l/8  x 1/2- inch  cross  sec|icn,  : which  || 
cab  be  processeiti  in  the  same  manner  as  the  square  bars  if  additidjtial  care  '|l 

(due  to  additional  fragility)  is  observed.  In  this  cas:e>  the  ^/S-inci^  edges  \ 

are  cold  peened  before  full-scale  rolling  commence|iB.  After  rieducitidn  to 
a about  lO-mil  thickness,  this  strip  has  a width  of  about  5/8  inch.  > , 

Another  innovation  that  has  been  introduced  is  cross  rolling.  Shbrt 
(2-inch)  lengths  of  partially  cold-rolled  bar  were  cross  rolled  to  make  sheet. 
Reduction  is  slower,  but  several  passes  without  annealing  may  be  t&ken  until 
a total  reduction  of  10  per  cent  is  attained.  This  Is  followed  by  annealing. 

At  the  present  time,  a small  stock  of  3-,  5-,  aiid  10-mil  strip  or  |pil 
has  been  buiit  up  by  these  cold-rolling  procedures.  Edge  cracking^is  quite 
infrequent,  and  thecas- rolled  surface  is  bright  and  shiny.  Ktuch  bfijthe 
material  is  being  U;Sed  for  experimental  work.  It  is  planned  to  prej^are  a 
small  amount  of  i-; mil  foil,  and  then  cease  cold-rolling  studies.  <1 

ij  ' , '[v  ■'  ■ 

Cold  SwaRinji.  Following  the  octagonization  of  a square  sii^tered  bar  „ 
by  the  process  described  under  Cold  Rolling;  1. , cold  swaging  is  int/oduced. 
This  operation  foiroifs  the  same  over-all  xn&tb^ods  as  described  abovir/for 
other  cold-wo:^king  operations,  namely,  cold  working  with  intermediate 
annealing.  R,educti<fn,  however,  is  usually  20  per  cent  per  pass,  The 
annealing,  as  shown: in  Table  5,  is  2 hours  at  1700  C.  Postanneal  hardnesses 
always  fall  to  300  VliN  and  are  often  around  270  VHN.  • 

With  the  available  equipment,  swaging  is  possible  down  to  diameters 
of  about  6S  mils.  At  that  juncture,  wire  drawing  would  be  expected  to  be  the 
next  operation  if  finer  diameter  ^tock  is  desired.  However,  due  to  diffi- 
culties in  wire  drawing  that  seenri  to  be  almost  inherent  with  rhenium,  wire 
drawing  is  done  only  if  wire  of  50  to  65-mil  diameter  is  desired.  If  wire  of  / 
finer  dimensions  is  needed,  Turk' s head  drawing  enters,  as,  indicated  in 
the  next  section.  ; 

Cold  Turk*  s Head  Drawing.  First,  the  as- swaged  metal  is  "scalped',', 
which  removes  1 or  2 mils  of  its  surface  by  grinding  with  a large  aluminum 
oxide  wheel.  This  eliminates  tiny  surface  fissures  that  occasionally  appear 
as  a result  of  swaging.  The  wire  is  then  drawn  through  a Turk' s head  draw 
plate,  a series  of  four  small  rolls  so  arranged  as  to  give  square  wire.  This 
operation,  with  intermediate  annealing,  is  carried  out  at  10  p^r  cent  reduc- 
tion in  cross-sectional  area  per  pass.  The  rhenium  reduces  easily  and 
maintains  an  excellent  surface  because  of  the  rolling  type  of  reduction.  Fin- 
ning of  the  wire  corners  between  the  rolls  may  occur,  but  can  be  eliminated 
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by.  reversing  drawing  direction  .for' each  pass.  , Wire  ranging  in  thickness 
from  10  to  15  mils  has  been  prepared  in  this  manner,  aiid  can  be  drawn  to 
round  wire  subsequently  if  desired.  , 

Cold  ’wire  Drawing.  Wire  drawing  may  be  done  directly  follOvving 
swaging,  but,  since  repei^ted  dr^ts  seem  to  produce  a poor  wire  s^urface, 
it  is  not  recommended  that  the  wire  drawing  be  extensive.  For  iniUance, 
65-mil  swaged  rod,  scalped  and  drawn  with  the  best  lubrication  mlithods  yet 
developed  for  rhenium,  has  an  excellent  surface  when  drawn  to  50  mils,  a 
good  surface  when  drawn  to  40  mils,  but  a poor  surface  at  30  mils  and 
below.  If  10-mil  wire  is  desired,  the  swaged  material  is  Turk' s head 
drawn  from  65  mils  to  about  30  mils,  and  then  round-wire  drawing  to  10  mils 
commences.  If  equipment  fdr  swaging  to  20  or  30  mils  were  available,  the 
Turk' s head  operation  probably  would  be, unnecessary,  A more  detailed 
dcscriptioii  of  the  wire-drawing  work  follows. 


fT  AS  vy 


10  per  cent  m cross- 
sectional  i?^ea  per  pass  with 'intermediate  anneals  of  2 hours  at  1700  C,  as 
described  in  Table  5, 


The  specific  procedure  so  far  developed  is  tO:  "Scalp"  a swaged  rod  as 
previously  described  and  lightly  polish  the  rod  with  abrasive  paper  to  re- 
move the  grinding  marks  from  scalping.  A point  is  then  ground  on  the  wire 
with  an  aluminum  oxide  grinding  wheel,  lubricant  is  applied  to  the  wire,  and 
drawing  is  done  in  a linear  draw  bench  at  about  10  feet  per  minute. 

,'v  ’ . ■ ■ 

Despite  continuous  experinJjientation,  rhenium  wire  with  a surface  free 
of  imperfections  has  not  yet  been^prepared  if  more  than  three  or  four  drafts 
are  given.  These  imperfections  appear  first  as  longitudinal  gouged  or  pitted 
areas,  next  as  longitudinal  fissures,  and  then  as  small  transverse  cracks. 
Evidently  the  die  friction  is  very  high,  probably  a result  of  rhenium' s high 
resistance  to  deformation  and  its  rapid  hardening  by  cold  working.  Approxi- 
mately 20  lubricants  have  been  investigated,  including  liquid-type  materials, 
solids,  and  combinations  of  each.  In  general,  the  best  results  were  obtained 
by  using  a lithium  stearate-base  grease-like  material  containing  tallow,  and 
hloughtpTi' s Cyl  Tal  No.  81,  a heavy  oil.  Hard  coatings  produced  very  poor 
surfaces,  and  baked-on  coatings  were  absohitely  worthless.  All  of  this 
drawing  was  done  in  Carboloy  dies.  Below  10-mil  diameter,  however, 
diamond  dies  are  used.  Drawing  through  diamond  dies  appears  to  be  easier 
than  through  Carboloy.  The  smallest  diaii'hetcr  wire  prepared  to  date  is  7 
mils. 


Cold  Rod  Rolling.  Another  method  of  reduction  of  sintered  bar  that 
has  been  investigated  is  rod  rolling.  Short  sections  of  sintered  rhenium  in 
the  a.5- sintered,  as-pecned,  as-octagonized,  and  as- swaged  conditions  were 
ail  reduced  iroir.  about  0,20  inch  square  or  round  to  0.09  inch  square  with 
considetabie  success.  Reduction  was  at  the  rate  of  15  per  cent  in  cross- 
»ect.ion>1  area  per  pass,  with  the  usual  intermediate  anneals.  JLattle  edge 
cracking  developed  on  any  of  the  specimens,  and  the  experiment  indicated 
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that  sintered  bar  could  be  Cold  ,|rod  rolled  directly,  with  no  prej^ariitory 
steps  such  as  are  necessary  ioir  swaging.  However,  ikwaging  at  ^20  cant,; 
reduction  per  pass  prcduces  a dia:^heter  product  faster  tor  the  pur- 
poses of  this  work.  v.  " . S 

..  1!  i 

" • ■ rf  ;!  ■'  ■■  M ' 

f!  *.  I* 

ilhenium  Alloys  fj  --  ■ 


No  alloy  program  hfs  been  undertaken  with  the  expressed  ide^  of 
vstudying  the  alloys,  per  se.  Hov'ever,  at  several  points  in  the  program,  the 
fabrication  of  certain  alloys  v/as  studied  as  a result  of  material  re4uire~ 
ments  for  other  work,  usualljr  electronic  studies.  ' 


ArcrMelted  Rhenium- Thorium  Alloys 

It  was  first  thought  that  rhenium-thoriiun  alloys  were  necessary  for 
thermionic -emission  studies,  with  the  thorium  present  as  metal.  Accord- 
ingly>  arc-melted  rhenium  buttons  containing  0.5,  1,  and  2 per  cent  thbriurn 
were  prepared,  the  buttons  to  be  fabricated  dr  to  bexut  and  grou^id  to 
cylindrical  test  specimens.  Breakage  occurred  consistently  during  grind- 
ing, and  fabrication  was  impossible.  The  thorium  metal  definitely  caused 
embrittlement.  The  structure  is  shown  in  Figure  12. 

' " . ■ 1,  ■ ■ : ■ - " 'r'  .. 

■ ' i ■ ■ ' 

Thoriated  Sintered  Rheniuid 

Although  thoriated  rhenium  is  not  an  alloy  in  the  strict  sense  of  the 
word,  it  will  be  discussed  in  this  context., 


Following  the  failure  of  efforts  to  fabricate  rhenium-thorium  alloys, 
it  was  found  that  rhenium  containing  thorium  in  the  form  of  thoria  (thorium 
oxide,  ThO^}  would  be  quite  acceptable  for  thermionic- emission  studies. 
Accordingly,  thoria  was  blended  with,  rhenium  powder,  in  amounts  of  .P.  5,  1, 
2,  and  5 per  cent,  calculated  On  the  basis  of  thorium  content  by  weight. 

The  bars  were  pressed,  sintered,  and  fabricated.  The  thorium^  when  pres- 
ent as  0.  5,  1,  and  2 per  ednt  as  thoria,  allowed  fabrication  to  piroceed  Un-^ 
hindered.  However,  5 per  cent  thorium  ns  thoria  caused  embrittlement, 
and  breakage  occurred  during  swaging.  A typical  thoriated  structure  is 
illustrated  in  Figure  13. 


Arc-Melted  Rhenium  With  Debyidi sing  iillenients  Added 

During  attempts  at  hot  working  of  rhenium,  it  was  thought  that,  if 
certain  deoxidissing  elements  could  be  added  to  tie  up  oxygen  inte.rnalty,  the 
hot  shortness  native  to  rhenium  might  be  alleviated.  Five  elements,  alumi- 
num, titanium,  xlrconlum,  uranium,  and  thorium,  were  added  in  1 percent 
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FIGURE  izl  PHOTOMICROGRAPH  OF  RHJ^Nim^-iZ  PER  CElNT 
THORIUM  ALLOY,  SOLUTION  ANNEALED  AND 
QUENCHED,  SHOWING  A SECOND  PHASE  AT 
> GRAIN  BOUNDARIES  AND  IN  THE  CRAiNS 
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STRUCTURE  OF  RHENIUM  CONTAININC 
1 Per  CENT  THORIUM  ,AS  THORIA 
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quantities  each.  All  of  the  allqya  developed  rather  exceSsvye  cracking. 
Only  the  titanium  alloy  showed  any  improvement  over  rhenihmi  and  it  did 
not  show  sufficient  improvement  to  warraiit  further  invjsstigation. 


PHYSIGAIii  PROPERTIES 


Up  to  the  inception  of  this  research  project,  information  on  the  physi- 
cal properties  hf  rhehium  was  very  sketchy;  j A number  of  determinations 
had  been  made,  but  vOry  few  of  these  had  been  verified  by  other  workers. 

It  was  felt  that  a thorough  investigation  into  these  properties  was  warranted, 
so  as  to  provide  a basis  for  further  less  basic  investigations. 


■ '•  Lattice  Constants 

I ^1  , i 

■■  \ “ A'  V 

/.!  ''  , . 5 ■: 

Several  determinations  of  the  lattici  constants  of  this  hexagouai-; 
close-packed  metal  have  been  made.  The  most  accurate  group  of  values  \. 
appears  to  have  been  the  result  of  investigations  by  Stenzel  and  Wcertz(^),  ’ 
but  Agte,  et,  al.  Goldschmidt'^',  and" Moeller'^'  also  have  published  ' 
data. 

■iki  . 

Three  sets  of  values,  all  determined  by  X-ray  diffraction  methods, 
have  been  obtained  in  the  present  work.  One  ofi  these  patterns  was  made 
from  purified  powder  reduced  from  ammonium  perrhenate,  and  two,  a 
major  and  minor  pattern,  were  obtained  from  crystal-bar  rhenium.  These 
are  all  recorded  in  Table  6,  which  includes  the  results  found  by  Stenzel  and 
Weertz  and  by  the  othjEr  investigators  for  comparison  purposes,, 

Powder-pattern  results  from  the  present  work  and  the  yalues  given  by 
Stenzel  and  Weertz  agree  exactly.  The  minor  phase  from  ery;Stal  bar  also 
agrees  well  with  these  two  values.  The  crystal-bar  major  pattern  does  hot 
match  the  other  values,  which  may  be  a result  of  the  presence  o£  impurities 
during  deposition  of  a certain  section  of  the  crystal  bar.  This  value  is  indie 
ative  of  a contracted  lattice,  and  must  be,  therefore,  a rf,^3U'lt  of  substi- 
tutional impurities.  Although  interstitial  impurities  can  only  expaii(jL  a 
lattice,  substitutional  impurities  may  cause  either  contraction  or  ei^pansion. 

The  powder- pattern  value  from  the  present  work  is  preferred,*  aijd  it 
agrees  well  with  the  several  other  values.  In  general,  cklcMlations  from 
these  constants  give  density  values  slightly  higher  thau  reported  pre'^iously, 
and  tend  to  point  up  the  high  density  values  determined  experir.nentaUy  and 
reported  below. 
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TABLE  6,  LATTICE  CONSTANTS  OF  RHENIUM 


' ®.Q,  A 

Cq,  a, 

c/a 

Investigator 

Remarks 

Z.  76b(a) 

4.  4 58(a) 

■ ‘ i 

1.615.^ 

Present  work 

Purified 

powder 

tl 

4.445(^) 

1-615- 

Present  Work 

Crystal  bar 
(major) 

2.  760(^’) 

4.  460(’*) 

1.  616 

Present  work 

r ' '' 

Crystal  bar 
(minor) 

2,760^) 

4.458(^) 

1.615 

Stenzel  and 
Weert2(‘^) 

■ — 

2.771^c) 

Ji  n- 

4.479(H  ; 

1.616 

Agte,  et  al.  (3)  i 

0.  3%  Mb 

2.761<®) 

4.469(c) 

1.615 

Moeller(®) 

0.  5%  K20 

2.758(^) 

4.457(c) 

^ 1.616 

Goldschmidt(^) 

0.3%  Mo 

(*)  Accurate  lo  *0. 001  A.  ' y 

(b)  Accjurate  to  fO.  0Q6  A.  « 

(c)  Converted  from  the  Utcraeure  to  true  angstrom  units. 


Density 


: Agte,  et  al.  ( ),  had  calculated  the  density  of  rhenium  from  the  accepted 
atomic  weight,  186.31,  and  the  lattice  constants  they  determined  (see  Table 
6).  This  value,  20.53  g/cm^,  is  the  one  most  often  cited;  in  addition,  Agte 
found  an  experimental  density  of  20.  9 g/cm^,  indicating  his  lattice  constants 
were  probably  bigb.  One  other  literature  value  for  the  density  exists,  that 
of  Goldsrhmidt(6);  who  calculated  21. 40±  0.  06  g/cm^.  This  was  based  on  an 
atomic  weight  now  known  to  be  incorrect. 

: ' fi'  ■■  ■ • V 


Several  direct  density  measureuicats  were  conducted  in  the  present 
work.  The  firrst  of  these  was  made  on  unworked  crystal  bar,  and  th^s  others 
were  conducted  on  seemingly  sound  sections  of  salvaged  crystal  bar  and  hot- 
rolled  strip.  As  can  be  seen  in  Table  7,  none  of  these  values  exceeded  21  0 
SAcnrl  . Finally,  measurements  were  made  on  fabricated  rod  approximately 
6.  6 incnes  long  and  0.  iSO  inch  in  diameter.  The  rod  had  been  iabricated  by 
swaging  from  l/4-irich  sintered  bar,  using  the  cold-working  procedures  now 
considered  standaid.  It  was  then  annealed  repeatedly.  Metallographic 
examination  verified  that  th-^  rod  was  completely  sound.  Thu  method  used 
was  water  mapl«cemcnt;  two  values,  21.02  and  21.03  g/cm^  were  obtai.icd. 
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tABLE  7.  DENSITY  DETERMINATIONS  ON  RHENIUM 


Density, 

g/cm^ 

[ . 02  ± 0.  (J1 

L . 03  ± 0.  pi : 


Type 

of 

Rhenium 

Sintered  and  swaged 
rod 


Determination 

^^ethod 


Investigatof 


Water  displacenient  Present  work 


20.  82  ± 0.  01  Swaged  crystM  bar  Water  displacemexlit 


Ditto 


20.  9 ± 0.1 


Unworked  crystal 

:bar 

li 


20.75  * 0.  01  , li^ot-u'orked  sintereid 
■i"  -i!  ilsheet 


20.  9] 


jProbably  crystal  bar 


Water  displacfemerlt 


Water  displacbnrieilit 


■ , V a-  II 

Probably  water  dis- 
placiement. 


Agte,  et  al.  (^) 


21.  ()4  ± 0,  01:  Crystal  bar 


From  lattice  con.> 
slants 


Present  work 


20.  !53  , 


21. 02 


Probably  crystal  bar 


From  lattice  con^ 
slants 


Agte,  et  si. 


Sintered  and  swaged 
.rod,:  reduced  22.  0 
per  cent  by  cold 

v/ork 


Water  diajdacemeat  Present  work 
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To  datCj  these  are  the  highest  values  recorded^  and^  since  most  impurities 
(iould  only  lower  the  density,  they  are  probably  more  nearly  correct.  Thus, 
21.02;#0.01  g/cm^  is  the  preferred  value  for  pure  rhenium  and  is  cohipared 
r^ith  the  value,-?  for  other  elements  in  Table  8. 

Calculation  of  the  theoretical  density  from  the  new  lattice  constants 
and  the  accepted  atomic  weight  ^as  iaecomplished  by  use  of  the  (squation: 

' „ i;  ■ 

j _ knM 

where  ' 

d = density,  grams  per  cubic  centimeter 

k = 1.66020,  a const)int(7)  (mass  of  the  hydrogen  atom  x 10^^) 

n = 8,  number  of  atonns  per  unit  cell 

M = 186.21,  the  atomic  weight  (after  Agtc(^)) 

y = volume  of  the  unit  cell,  calculated  from  the  lattice  constants: 

„ ^ " i ' 

ao  = 2.760  ± 0.001  A, 

! ^ Co  = 4.458  ± 0.001  A, 

by  the  equation 

[ V = , 

This  calculation  gave  21,04  g/cm^-  in  excellent  agreement  with  the 
experimental  value  of  21^,02*0.01  g/cm^.  These  figures  establish  rhenium 
as  the  fourth  most  dense  lelement  (see  Table  8). 

i’  •'  . 


TABLE  8.  THE  DENSITY  OF  RHENIUM  COM- 
PARED WITH  THE  DENSITIES  OF 
OTHER  elements!®) 


Element 

Density, 

g/ern® 

Osmium 

22.6 

Iridium 

22.  5 

Fiatinun'i 

21.5 

Rhenium 

21.0 

Gold 

19.3 

Tungsten 

19,3 

Uranium 

18.7 
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In  addition, ; a density  determination  obtained  on  swaged  rod.  22.0  , 

per  cent  reduced  by  cold  work- to  determine  whether  cold  working  infected 
the  density.  Two  values  were  obtained,  20.  99  and  21.04  g/cni^,  the  average 
of  which  is  21. 02  g/cm^,  the  same  density  as  established  for  2ti||nealed 
metaL'  The  conclusion  is  that  cold  working  ddes  not  affecii  the  density  of 


inenium. 


Meiitins  t'oint 


Two  investigators  had  determined  the  melting  point  of  rhenium  previ- 
ously, and  each  agreed  quite  well  with  the  other.  The  investigators,  Agte, 
et  al.  (3),  and  Jaeger  sind  Rosenbohm(O),  found  3170  ± 60  C and  3160  C, 
respectively. 

In  the  present  investigation,  tlrst  results  Using  the  bored-hole  method' 
jin  sintered  bars  indicated  that.the  melting  point„was  not  80  high  as,, these 
investigators  claimed.  An  average  value  of  301jp±  90  C was  found  pom  four 
determihatisns. 


{However,  recent ' work  on  high-temperaturel!  porosity  has  focused  atten- 
tion on  the  impurity  content  of  the  powder-metallurgyrtype  rhenium,  a 
factor  which  often  affects  melting  points  deeply.  When  highly  purli|,!ied 
rhenium,  containing  less  than  0.09  per  cent  impurities,  was  available  and 
its  melting  point  determined,  the  early  results  were  found  to  be  in  error. 

The  determination  by  the  bored-hole  method  gave  a new  melting  point  of 
3180  ± 20  C,  as  averaged  from  two  separate  determinations,  3184  C ami 
3175  C.  Since  good  coi'rections  were  available  for  absorption  in  the  sight- 
hole  glass  and  the  filter  used,  and  since  the  optical  pyrometer  has  been 
calibrated  recently,  the  new  value  of  3180  ± 20  C'is  to  be  preferred.  Alon| 
with  the  results  of  previous  investigators,  this  value  confirms  that  rhenium 
is  the  second  highest  melting  metal  and  the  third  highest  melting  element. 

The  melting  points  determined  in  the  present  work  are  summarised  in 
Table  9 and  compared  therein  with  the  Work  of  the  early  investigators.  In  , 
Table  10,  the  melting  point  of  rhenium  is  compared  with  those  of  other  high- 
melting  elements. 


Vapor  Pressure  of  Solid  Rhenium 


In  order  to  evaluate  fully  the  potential  importance  of  rhenium  as  a 
material  for  electronic  applications,  it  is  necessary  to  have  information  on 
the  vapor  pressure.  No  specific  data  are  available  in  the  literature  relating" 
to  the  vapor  pressure  of  rhenium  as  a function  of  temperature. 
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TABLE  9.  THE  MELTINjp  POINT  pF  RHENIUM 


Temperature, 

C 

Temperature, 

i-  F 

'1 

Investigator 

3170  ± 60 

ii 

5740  ±110 

1 Agte,  et  al.  ! 

3160 

5720 

J^ieger  and  Rosenbohm(^} 

3010  * 100  , 

5450  ± 200 

Present  work,  0,  2 per 
cent  impurities 

3180  ± 'ZO 

5760  * 40 

1 Present  work,  < 0,  09  per 
cent  impurities 

U 


TABLE  iO.  THE  MELtiING  POINTS  OF  RHENIUM 
AND  SEVERAL  OTHER  ELEMENTs(9) 


Element 

Melting  Point, 
C 

Carbon  (graphite) 

|37()0  ±100 

Tungsten 

3410*  20 

Rhenium 

3180  ± 20 

Tantalum 

' 2996  ± 50 

Molybdenum 

2625  ± 50 
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\ To  obtain  the  z:,equired  infbrmationi  the  Langmuir  weight-loss  mbthodj 
which  has  been  used  previously  at  Battelle  in  ddterxnihihg  the  vapor  pres-  !j 
sure  of  such  nrtetals  as  titaniumC^^),  was  employed.  The  validity  of  the  datji^ 
was  checked  by  thermodynamic  calculations,  and  ,^e  boiling  point  of  the 


metal  was  estimated. 


Description  of  the  Teat  Method 

",  ’ ' f ii 

The  Langmuir  weight-loss  nni^thod(^^)  involves  heating  a wire  of  the 
desired  material  in  a good  vacuum  inm  of  mercury  dr  less)  at  a con- 

stant temperature  for  a ni'easured  time  interval  and  determining  the  loss'in 
weight  as  a result  of  evaporation  of  mt^tal  from  the  wire.  Relatioh  1 and  2, 
following,  are  then  used  to  compute  thb  vapor  pressure; 

,1  ,,  ■ r ■■■  if.  ' , ■ 

log  =v  log  m - 1/2  log  M + 1/2  log  T - 1. 647  , (1) 

,i  , il  ■ 

Ij  ••  . 

where  = Vapor  pressure.  Atmospheres 

\\  ' . ii  - ’ ' ■ii-' 

N ■ ■ ■ 

M = gram-molecular  weight  of  the  vapor 
T = temperature,  degrees  Kelvin 


Further; 


where 


m = rate  evaporation,  g/cm^/sec. 

i 

p = computed  density  at  temperature  of  rup,  g/cm^ 

'j 

Wg  = initial  weight  per  unit  length  of  wire,  g/cm 
W = final  weight  per  unit  length  of  wire,  g/ern 


t = time  of  run,;  seconds. 


Test  Specimens  :)  ' n 

The  ilpecimens  used  in  the  experimental  work  y>ere  in  thft  forni  oi 
wires  about  0,  050  inch  in  diameter  by  6 inches  long.  These  wi.jcs  were 
made  by  cold  pressing,  sintering,  and  cold  working  as  described  in  the  sec- 
tion on  consolidation  and  fabrication,  ' 

^^Tctly,  e • Pjyn  ® ™ Uie  Knudian  eiiuaUoo.  A*  1»  customary  tdien 

dealing  with  meuli,  a.  the  accom:tisiad^|is  c^ssfr^dcat.  la  anumed  eqiuii  to  unity.l^^) 
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Figure  14  is  a photomicrograph  o£  a longitudinal  section  of  a typical 
wire  specimen  in  its  condition  prior  to  test. 


FIGURE  14.  LONCITUDINAJL  MICROSTRUCTURE 
OF  A TYPICAL  RHENIUM  TEST  WIRE 


. W fl.  " 'i  ' . 

. " li  ■;  „ " ''i 

Test  Equipmignt  ' ' “ ■ ' 

1 i!  , J,  V 

'j  , 

The  test  specimen  was  supported  in  a horizontal  position  hy  two  split 
molybdenum  clamping  blocks^  each  0.  5 inch  in  diameter  by  1. 5 inches  long. 
Each  of  these  blocks  was  provided  with  a tapped  hole  so  that  it  ^.ould  be 
screwed  ohtp  the  0.  25-inch-<Iianieter  tungsten  supporting  electrodes.  This 
assembly  was  mounted  in  a 100>mm  Pyrex  bulb  with  the  ends  cl  the  tungsten 
electrodes  protruding  from  thf  bulb  and  sealed  to  it  by  uraniiim  glass 
(Figure  15). 

" 'I  ’ 'I 

A 45-mro  Pyrex  tube,  with  an  optically  flat  Pyrex  plate  sealed  in  its  I 
free  end,  was  joined  at  righ|t  angles  to  the  bulb,  and  perpendicular  to  the  test 
specimen  at  its  center.  Thi&  temperature  of  the  wire  was  determined  by 
meane  of  a standardized  optical  pyrometer  sighted  through  the  flat  Pyrex 
plate.  A magniiticsily  operated  glass  shutter  was  placed  in  the  line  of  sight 
between  the  tesf;  wire  and  the  optical  window  to  prevent  condeiuiation  of 
evaporated  rheihum  on  the  wmdow.  The  shutter  was  maintained  in  this  posi- 
tion except  when  temperature  determinations  were  being  made. 
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Figure  15  illustyates  the  complete  vacuum  system  (except  for  the 
mechanical  fore  pump),  jwhich  includes  an  ionization  gage,  i liquid--hitrdgeh 
trap,  and  ii  three-stJf(gp  mercury  diffusion  pump. 

' ' ..  'i,‘  ■-  :i  ■ 'r  - • . 'i  if 


!•>  A <«»  A ^ * «•(  A o 1 a <»  A 

Vj|  kasw  V MW  ' vv  M w awmm 


iTkf  nrt^ 


Procedure  :!!  , 

' , - ’ 'j  ' ' '''  ,,  !!  '!■ 

With  the  ispeclijn'en  in  place,  the  system  'was  evacua^ted  to  about 
10“®' trim  of  mercuryi  ind  tb,en  filled  with  high-purity  helilim  as  a purge. 

Next',  Ihe  system  was!: re-evacuated  to  10“®  mm  of  inercury,  or  lower,  and 
the  rhenium  wire  wasiheated  electrically  with  stabilized  a-c  power  to  the 
desired  temperature  4s  .rapidly  as  possible.  The  wire  temj^erature  vras 
maintained  constant  by  adjusting  the  applied  voltage  so  thatithe  product  of 
the  cube  root  of  the  current  and  the  voltage  did  not  vary.  The  test  runs 
were  terminated  when  it  was  judged  that  sufficient  metal  h^'d  been  evaporated 
from  the  surface  of  the  wire  to  permit  accurate  weigtit-losii  determf^nation. 

■ *' 

■(  ■■  V,  '■  : 

Data  ■ '■  I 


Table  11  liststthe  ex^ieri, mental  results.  Calciul^ted  high-teir^perature 
densities  ranging  from  19.73  to  19.  93  g/cm®  were  used  in  computations 
based  on  Equations  1,  and  2. . One  run  was  made  at  each  of  the  temperatures 
reported/  V ? 1 il  . 

„ ;i  i:  ■:?  f 


a / ! 'i 

TABLE  11.  EXPEIUMENTAL.  VAPOR-PRESSURE  DATA  FOR  RHENIUM 

■ ''J  • . , p „ 'I  ..  ^ 


Corrected  Duration  Rate  of  1 

Temperature  of  Rtm,  Evaporation,  m,  Vapor  Pressure 

■'  jT9  . 1'.  • . y i ■■■  f — ■!.  I 


" c „ 

K 

seconds 

g/cm^/scc 

Atmosphere 

mm  Hg 

2221 

2494 

259,200 

1.54x10-® 

1.24x10-9 

i 9.39x10-7 

2250 

2523 

151,200 

3.23x  10-8 

2.  61  X 10-9 

i,98x  10-8 

2332 

2605 

30, 600 

7,  35x10-8 

6.04x10-9 

4.  59^  10“6 

2475 

2748 

54,000 

6. 96 X 10-7 

5.  Sox  i0”8 

4.231410-® 

2480 

2753 

231,400 

li 

4.  67x10-7 

3.  93x10-8 

2.99x  10-® 

2606 

2879 

7 ^ 200 

2.  77x  10-8 

2,38x10-7 

i.  Si  x 10-4 

2726 

2999 

.1,560 

8.41x10-8 

7.37x10-7 

5.60x  10-4 
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An  empirical  expression  fq^r  the  vapor  pressure  of  rhenium  vras  calcil- 
lated  from  the  experimental  determinations^  using  the  method  of  least 
squares.  For  the  temperature  range  covered,  Equation  3 |s  h valid  repre-, 
sentation  of  the  vapor  pressure  of  rhenium: 


loSioPmm 


40865 


wheire 


®mm  ~ Pressure,  'millimeters  of  mercury 

;7  ; 

T = temperature,  degrees  Kfplvin. 


'\  ■'  >•  'I 


The  vapor  pressure  of  rhenium  so  determined  is  about  ten  times  p 
greater  than  that  of  tungsten  and  is  about  l^l/k  times  that  of  tantalum.  /This 
is  illustrated  in  Figure  16.  , f 


Discussion  of  Results  ' , : « " 

■ " ■ I ..  M ■ ■ IJ  ' 

There,  are  several  sources  of  possible  error  in|the  experimentally 
determined  vapor  pressure  of  rhenium.  ij 


For  example,  the  wire  specimen  was  assumed  to  be  at  a constant 
temperature  except  for  about  i/4  inch  on  each  end.  llow^ver,  there  was  a 
slight  temperature  gradient  from  the  center  of  the  wire  to  locations  1/4  inch 
from  each  end.  Since  the  temperature  was  measured  at  the  center  of  the 
wire,  the  average  true  temperatures  may  have  been  slightly  bolow  the  Values 
indicated.  Thus,  the  measured  vapor  pressures  should  associated  with 
lower  temperatures  and,  hence,  would  be  8li{|htly  low  at  the  stated  tempera> 
tures.  ' , 11  « 


Estimation  of  the  Boiling  Point  and 
Liquid  Vapor  Pressure  of  Rhenium 


BoillnH  Point 

Extrapolation  of  Equation  3 to  Pntm  “ gives  only  a very  crude  esti= 
mate  of  the  boiling  poiht  of  rhenium,  i.e.  , 5430  K.  To  obtain  a better 
estimate,  a thermodynamic  treatment  is  employed  in  which  the  following 
important  thermody,namic  relationship  is  satisfied: 


Patm  " 


^F®  - Hj 
V T 


- HJ 
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Xli? 


• *^Tun«tt«n  I 

A *Tontfllum  f | 

p RhaAium,  anparimantet  voluaa 
□ ^Molybdtnum 


Doio  for  ihoi9  curvat  ts!>an  from 
Dufhman,  "Sciaritifk  Foundolion  of 
Vacuum  TachnfqtM^  John  Witay  ond 
Sons,  N.Y.,  p 745  1 


T*SS8S 


X id*  {T  In  K) 


T*.  81873 


FbURE  16.  THE  VAPOR  PRESSURE  OF  RHENlljM  AND  OTHER  REFRACTORY 
METALS  AS  A FUNCTION  OF  RECIPROCAL  TEMPERATURE 
WAOCTR  54-371  A-satr 


where 


H = the  universal  gas  constant^  1.  98f  cal/mole 
Pattn  = vapor  presstire,  almospheres  ; 'li 


I ^ ~ S.  j = the  free-energy  function  for  liquids  and; crystalline 
^ /c,^  solids,  i.  e. , the ''condensed'*  phases  o:{' matter 


FO  - Ht 
T 


the  free-energy  function  for  the  vapor 


y 


H 


AHo  = (H°  - Ho),  in  which  is  the  heat  of  sublimation  at  jj 
temperature  T and  is  the  heat  of  sublimation  at 
absolute  zero,  in  calories  per  nnole.  j 

y ■ ' ■ ii 

/"jpO  ^ :i 

The  free-energy  functions  fpr  solids  and  for  liquiid f ^ 

\ T..  /c|.r 

can  be  evaluated  when  the  thermal  variation  of  Cp,  the  heat  capacityi  is.  , 
known  and  appropriate  account  is  taken  of  phase  changes.  ' The' £ree>>|ei:^ergy 
function  for  the  vapor. ~ , can  be  determined  from  spectrb^ebpic  , 

data(^^).  ^ 

Equation  4 is  used  first  to  assess  the  quantitative  a.ccuracy  of  the 
experimental  data  of  Table  11,  i.  e.,  AH§'is  computed  for  each  of  ;the  ex- 
pijrimental  ternperatures,  using  the  corresponding  measured  valufpifi  of  the 
vapor  pressure'.  Table  IZ  lists  the  results  of  these  computations.  | Although 
the  standard  deviation  from  the  mean  is  1015  calories,  somewhat  higher 
than  might  he  desired,  no  over-all  trend  upward  or  downward  is  iiadicated^ 
so  that  large  systematic  errors  apparently  have  been  avoided.  Tiui  value 
187,000  calorie!)  has  been  taken  as  AH°of  sublimation  for  rhemuir|. 

ii 

If  p^tm  set  equal' to  1 in  Equation  4,  then,  its  logarithm  is ''zero,  and, 
by  a method  of  successive  approximation.,.  Tjg^  , tho.  boiling  point  of  <. 
rhenium,  ca:h  be  estifnated.  The  value  so  obtained  is  5900  K,  or  about 
5630  C.  . A 


'Vapor  Pressure  of  Li  I quid  Rhenium 

Once  a reasonable  value  for  AHq  has  been  obtained,  Equation  4 can 
be  used  to  compute  the  vapor  pressure  of  liquid  rhenium  at  various  tempera- 
tures above  the  melting  point.  These  computed  values  are,  in  reality, 
estimates,  -since  no  data  are  available  for  the  heat  capacity  of  liquid  rheiiium 
Brev/er'^^'  has  estimated  the  entropy  of  fusion  of  rhenium  < "5  2.  3 , 
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Ij  ’V  ' i’N  ^ ^ 

cfit^iropy  units,  and  this  value;  was  used  in  the  computation  of  ( ^ •%  J ^ 

.V  !i  • I!  .'''N  ' ^ '■  vC  c 

above  the  melting  poipt  of  rhenium  (3170:e  60  C).  The  h^;at  capacity  of  lifquid 
rhenium  was  assumed  to  be  10.^8  cal/mole/G.  To  implemcftt  the  calcula-  4,, 
tipjns,  . 4,  ' . ij  ■ ' . ■ ii 


■■  ■ ■ . ■ 1'  ■ ",i  ii  ■ " ■■ 

ura's  expanded  as  a quadratic  function  of  T above  the  liyel^ng  point,  i.  e. , 


^FO  - Hg' 


ii  . I ''  i- 

il  ■ •'! 


■ 40.  582  + 25.807  X 10-*  T -1.324  x IQ-t  T^.  (5) 

u ' - 


M 


Using  Equationu  4 and  5, ; the  values  of  Table  13  and  Figulro  17  wesje  com- 
puted. ' , ■ r " ' ™ " 

■ ,1  " ' ■ . ' ..  ■ i;  'li 

TABLE  13.  THE  VAPOR  PRESSURE  OF  LIQUID;  RHE^IUXl  4 

, - /!  , ' 


T, 

degK 

1 

Vapor  Pressure 
of  Liquid  Re, 

4 atm 

3370(») 

-33.953 

2.01x10-5 

3500 

-33.784 

13  ■ 

5. 09xi0“5 

4000 

-33.177 

1.08x10-5 

4500 

f -32,663 

1.14xl0~f 

5000 

;;  >,  Ji  ;; 

:!  4r-22,238" 

7.44x10-2 

55:00 

'•  :ijft^3i.906  „ 

0.349  ^ 

5900 


■31.702 


(4)  The  temperature  ukid  for  the  melting  polrijt  of  rhenium  was  3100  C, 
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FIGURE  ir.  ESTIMATED  VAPOR  PRESSURE  OF  LIQUID 
AS  A FUNCTION  OF  l/T 


RHENIUM 
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Electrical  Resistivity 


The  literature  lists  two  values  for  the  electrical  resistivity  df  rheniuih. 


One  of  these,  reported  by  Agte,  et  al.  y is  21.  l.(±  15  per  cient)  rriicrohin- 
centimeters,  and  the  other^l  18.  9 microhih-cenitimeters  (at  0 C)  was  found 

by  Meissner  and  Voigt(i5)^  " , j ' 


In  the  present  work,  the  electrical  resistivity  of  rhenitict!  has  been 
determined  by  two  separate  investigations  at  room  teinpcrattire  and  by  a 
single  investigation  at  elevated  temperatures.  The  effect  of  cold  work  oh  the 
resistivity  has  been  determined  also.  Wide  variations  at  room  temperature 
were  found,  so  the  investigations  are  reported  separately  below,  with  a 
summary  section  following  the  discussion  of  each. 


Room- Temperature  Resistivity 
Cold  Work  on  Resistivity 


and  the  Effect  of 


Approximately  40  resistivity  determinations  were  made  on  rhenium  pf 
purity  comparable  to  that  lisjted  in  Table  1,  Sample  12.  The  wire  ranged  ^ | 

from  8 to  18  inches  long,  30  to  60  mils  in  diameter,  and  was  in  both  the  ah^  '; 
nealed  and  the  cold- worked  conditions.  A KelVin  bridge  located  in  a !' 

constant- temperature  room  was  used  to  make  the  measurements.  The  jj 
resistivity  was  calculated  by  the\  equation:  " 


where 


RA 


p = resistivity,  ohm-centimeters 

V 

R = resistance,  ohms 
A = cross-sectional  area,  cm^ 

^ = length,  cm. 


i The  results  are  plotted  in  Figure  18  as  a function  of  cpl^  work  for  each 
specimen  measured.  Considerable  scatter  evident  arpon^  both  the  an- 
neal<^  and  the  cold-v/orked  values,  although  it  is  readily  evident  that  the 
resis|tivity  increases  with  increased  cold  work.  These  measurements  ’Were 
mad^l  at  an  average  tethperature  of  25  C, 

‘ I The  room- temperature  values  have  been  averaged  and  reported  in 
Table  14  as  corrected  to  20  C.  For  comparison,  values  found  by  Agte 
and  co-workers  and  by  Meissner  and  Voigt  are  included. 
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Avsraga  ormsoled  rocn^'-temporaturR 
I re>i»tivity  ' j j 

— -M«it(tMr  and  Volgif''*’ 


Rir  Cant  C«id  Werk 

I 

FlKliUREia  ROOW- TEMPERATURE  RESISTSVSTY  AND  THE  EFFECT  OF 
COLD  WORK  ON  THE  RESISTIVITY  OS-  RHENIUM 

A>«4IS 
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TABi.E  14.  RESISTIVITY  OF  ANNE AtED  RlteNtuk  20  d 

■ 'BY  DETERMINATION  (i| -'f  - S" 


Reaistivf,tyy  p .,  ohm- cm  x 10' 


18.79 


19.  14  ± 0.  25 


jIii:!^restlgato'r  4h4  Ccijndition  J 
l^r^aent  work| ' ilow^st  value 

f ■ ^ ' 

i,Pr#i sent  work,  'leverage  value 


21.  1 (i:  15%)  , 


19.  0 


■■Agftc '’and  c6* workers > • 

11  ‘ ' a ' ;;  '' 

fjileiasner  and  Voigt^^^^ 

|i  ii  ■ 


The  results  from  Deterrriiuai.l<>n  (l)  indie  a*  e that  Agte*  s values  are 
somewhat  too  high,  but  the  best  data  from  the  present  work  agree  rather 
closely  with  tJ\e  findings  of  Meissner  (and  Voigt.ji  „ 


Room-Temperatuire  Resistivity  (11)  and  the 
Temperature  Dependency  of  Resistivity  , 

The  resistivity  of  a sample  of  rhenium  wire,'  which  was  drawn  to  a 
dia’i  eter  of;  0.0146  inch,  was  determined  oves^  a teiriperature  range  from, 
room  temperature  to  about  2500  K.  Probes  wc|re  attached  to  the  wire  to  / 
measure  the  voltage  drop  over  a maasured  length  of  the  center  portion  o# 
the  resistivity  specimen.  This  test  portion  of  the  specimen  was  chosen  far 
from  the  current  leads  in  order  to  minimize  errors  arising  frorn  end-cooling 
effects.  The  specimen  was  placed  in  an  evacuated  and  gettered  glass  tube 
to  assure  minimum  contamination  of  the  sample.  The  pressure  in  the  test 
chamber  was  estimated  fco  be  less  than  10”® mm  of  merct^ry.  "I^he 
measurements  at  room  temperature  were  made  in  a constant- temperature 
room.  The  temperature  of  ttie  specimjen  at  higher  tcmperiUurcs  was  deter- 
mined with  an  optical  pyrometer)  arid  iVss  corrected  for  th«  spectral  emissi- 
vity  of  rhenium.  The  resistivity  measarements  were  made  in  steps  for 
several  temperatulre  cycles  from  rooni  litemperature  to  the  highest  tempera- 
ture and  back  to  room  temperature.  , 

;i  i:  - ii  ' 

1 'i 

A total  of  135  resistivity  determinations,  which  are  represented  by 
the  points  hi  Figure  19,  estalfiish  a curve  for  the  dependency  of  resistivity 
on  temperature.  The  resistivity  of  rhenium  at  e temperature  of  32.  7 ± 

0.55  C v/as  found  to  be  21. 63 ± 0.03  microhm-centimeters,  an  average  of  13 
mea.<>ure!mients  of  resistivity  and  temperature.  When  corrected  to  20  C, 
which  is  normally  taken  as  room  temperatUjre,  the  resistivity  is  21.59 
microhm-centimeters.  The  resistivity  at  other  temperatures  car.  be  read 
directly  from  the  temperature-resistivity  curve. 
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II  The  robm-tet^tperature  value,  21.  microhxn-centimetejrs,  agrees 
quite  well  with  the  value  reported  by  Agte  (see  Tattle  14),  but  not  with  that 
rbpoi'ted  by  Meissner  and  Voigt, 


jR,ooni- Temperature  Resistivities;  Summary  .. 

Two  determinations  Of  the  room-temperature  resistivity  have  been 
completed.  They  disagree  by  about  12  per  jcent,  far  too  great  a disagree- 
ment to  allow  averaging.  All  attempts  to  explain  the  difference  have  been 
fijuitless;  for  instance,  porosity  might  have  caused  the  high  value  for 
iJetermiiiation  (II),  but  microinspectioii  showed  no  porosity.  Furthermore, 
all  of  these  measurements  were  conducted  on  rhenium  containing  0.  15 
to  0.20  per  cent  impurity,  as  opposed  to' the  recently  processed  very  high- 
purity  metal  of  about  0.  08  per  cent  impurity  containing  very  little  aluminum, 
magnesium,  and  calcium. 

Accordingly,  as  soon  as  fine  wire  of  the  new  high-purity  material  is 
available,  a single  section  will  be  tested  for  resistivity  values  by  the  two 
methods  described  above;  a single  correct  value  for  room- temperature  re- 
sistivity wUl  be  obtained  thus.  In  addition,  a determination  of  the  resistivity 
in  the  tcm^iierature  range  from  20  to  1200  C will  be  attempted. 


, Spectral  Emisaivit^ 


Two  methods  were  used  to  determine  th.e  spectral  emissivity  pf 
rhenium;  (1)  the  Prescott  method^ for  low  and  intermediate  temperatures; 
and  (2)  the  boired-hole  method(^7)  for  very  high  ternperatures.  ,, 


The  Prescott  Method  f; 

Theory.  In  th<e  Prescott  method,  the  speclmdh  is  placed  in  an  evacu- 
ated pfluss  bulb  inside  a light-tight  cylinder  lined  '<with  a material  of.  high 
reflestivity,  so  that  the  light  in  the  cylinder  reaches  equilibriund  with  the 
emitter.  V/hite  cotton  velvet  magnesium  oxide  is  satisfactory  for  this  appli- 
cation. The  v/hite  velvet  backwall  of  the  enclosing  cylinder  was  illuminated 
in  the  first  measurements  by  six  St-candlepewer  ve -headlight  bulbs, 

and  in  later  measurements  by  a carbon  arc.  The  emissivity  of  the  specimen 
can  be  Calculated  from  Wien*  s radiation  law  with  accuracy  siifficient  for  most 
purposes.  The  quantities  measured  are  the  optical  temperature  of  the  speci- 
men, with  and  without  illumination,  and  the  o)pticai  temperature  of  the  back- 
v/all  jlbaminated  by  the  specimen  and  the  auxiliary  lamps.  Then  the  spectral 
emissivity  can  be  calculated  from  the  formula; 
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. = 1 - an.ilog,6  4^ 


» ((•  \ 


-c  logj^Q  e T-i) 


TD 


■)' 


■where 


c = l4i330  ‘xiiicroii-degrees 

X = wavelength,  in  microns,  of  light  passed  1?^/ pyrometer 
' filter  ■ ■ I-'!! 


T = backv/all  brightness  temperature 


S = brightness  temperature  of  heated  and  illuminated  specizrien  ' 

' D = brightnesfi  temperature  of  heated  apecimen.  / 

ii  _ ' ■'  ■■  " 

When  spectral  emissivities  are  determined  by  this  method,  there  is  an 
iiupper  temperature  limit  imposed  by  the  highest  brightness  temperature  of 
the  bdckwall  of  the  lined,  cylindrical  enclosure.  When  the  brightness  tem- 
perature of  the  specimen  approaches  the  brightness  temperature  of  the  back- 
wall,  the  error  becomes  largefand  the  method  fails.  One  obvipus  solution 
to  thii^j  problem  is  to  increase  the  backwall  illumination  until  sufficient  illu- 
mination is  present  to  give  an  accurate  difference  between  these  tvfo  temper- 
atures. 

a ” 


Measurements . In  the  first  experiment,  the  rhenium  specimen  was  a 
polished,,  hollow  cylinder,  0. 134  inch  in  diameter  and  0.4  inch  in  length. 
Which  had’  been  ground  from  a solid  rod  of  cji'ystal-bar  rhenium.  Tbe 
measurements  were  obtained  in  a dynamic  -v/acuum  system  with  a Distillation 
I'Products  three- stage  oil  diffusion  pump,  a Welch  Duo-Seal  mechanical  pump, 
and  a liquid- nitrogen  cold  trap.  The  illumiiiation  was  furnished  by  six  32- 
candlepower  automotive  lamps.  The  spectral  emissivities  that  were  ob- 
tained from  measurements  with  this  equipment  are  presented  in  Figure  20. 
The  room-temperature  point  is  an  average  value  calculated  from  19  deter- 
miaalions  of  the  spectral  emissivity.  The  probable  error  of  the  mean  for 
this  'ira].ue  is  ± 0.009. 


For  the  second  experiment,  a new  envelope  was  designed  to  obtain 
accurate  measurements  by  the  Prescott  method  at  temperatures  above 
1000  C,  AO.  015-mil  rhenium  wire  was  used  for  the  measurements  above 
1000  g.  Probe  wires  v/ere  attached  to  this  specimen  for  the  purpose  of 
measuring  the  potential  drop  across  a known  length  of  the  wire.  With  Lhis 
arrangement,  the  resistivity  and  the  emissivity  could  be  measured  at  the 
same  time.  The  tube  containing  the  rhenium  specimen  was  sealed  off  from 
the  vacuum  system,  so  that  the  Prescott  apparatus  could  be  moved  to  an  arc 
light  to  gain  more  intense  backwall  ill umii nation.  In  the  rneaourements  a 
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FKIURE  20.  SPECTRAL  EMISSIVITY  OF  RHEfDUM  BY  PRESCOirT  METHOD 


monocixifomiltor  received  some  of  the  liglit  from  the  arc,  and  the  light  inten- 
sity ne&i;  0.  655  micron  was  monitored  and  was  the  same  for  each  reading. 
With  this  apparatus  the  emisSivity  was  found  to  be  0.416  at  a temperature  of 
2030  C. 

^ ' it  ' ' ' , • ' l| 

The  Bored-Hole  Method 

- M ' t 

fi'-  ' ” 

During  sintering  and  melting-point  studies,  th^  spectral  emissivity  of 
rhehiurn  from  about  1300  C to  3000  C was  determined.  This  was  accom- 
plished simply  by  recording  the  black- body  hole  temperature  in  a;  heated  bar; 
and  also  recording  the  corresponding  brightness  (surface)  temperature  of 
thd  bar  under  equilibrium  conditions.  The  emissivity  was  callculated  for 
each  point  by  means  of  the  relationship(^®):  ij.  ' 


where 


._L  = ^.1 


i InE.  , 


T = black-body  temperature,  K,  i 

i 

T'  = t>rightness  temperature,  K (surface  temperature) 
X = 0,  655,  the  wavelength 


C = 14,362,  a constant 

:i  il  i:  ■ _ '■ 

= spectral  emissivity. 

A plot  of  the  variation  of  spectral  emissivity,  , with  black-body 
temjperature  is  shown  in  Figure  21.  Included  on  the  plot  are  the  emissivity 
constants  foimd  by  Levi  al^d  Espersen(^^),  who  found  0.  366  at  an  unspecified 
but  elevated  temperature!!  This  value  checks  well  with  the  present  high- 
temperature  yalue^,  and  is  2800  C for  information  purposes, i In 

addition,  Becker  ahd  Moerst^O)  reported  a value  of  E)^  ='0.42,  which'jlagreeB 
well  yyith  the  rt^^cent  data  at  about  1400  C,  although  these  authors  also  speci- 
fied n,p  temperature,  ' 

.1  i 

: ; ' I 

'Following  calculation  of  the  emissivity  for  each  experimental  point, 
data  were  taken  from  the  average  curve  of  Ej^  versus  T (Figure  21)  and 
plowed  as  T'  versus  T to  give  a curve  of  black-body  temperature  versus 
brightness  temperature.  This  is  shown  in  Figure  22,  and  is  more  practical 
for  everyday  usage. 


Combined  Results 


E versus  the  true  temperature  has  been  plotted  in  Figure  23  foi-  the 
data  from  both  the  Px^escott  and  the  bored-hole  deterrniioations.  Even  though 
the  bored-hols  method  ifails  at  lower  temperatures  (about  1200  C)  in  the 
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FIGURiE  2L  SPECTRAL  EMISSIVITY  OF  SiNTERED  RHENIUM  AT  0.6S5  MICRON 


Slack-Bkidy  Tempt ratur«, 
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range  where  it  applies,  the  Prescott  iri'etliiod  can  be  relied  upon  around 
these  temperatures.'  Thus,  the  combined  plot  covers  the  complete  tempera- 
ture range  from  room  temperature  to  3000  C with  a fair  degree  of  reliabil- 
ity. The  results  indicate  a slight  drop  of  the  emissivity  with  increasing 
temperature  from  s;.,bout  0.42  at  room  temperature  to  about  0.36  at  3000  G. 
This  is  in  opposition  to  the  results  obtained  by  Stephfens(^l),  which  indicated 
a slight  increase  in  emissivity  is  to  be  expected  with  ah  increase  in  tem- 
perature. 

Thermal  Expansion 

I One  determination  of  tl^e  thermal  expansion  of  rhenium  by  X-ray 
methods  was  made  by  Agte,  et  al.(^).  Th^  values  were  determined  from 
n data  taken  at  room  temperature  and  at  1917  C,  and  are  as  follows: 

' , • . -j  ' , ' 

^ [001]  =12.45  X 10-6  per  C ± 8% 

i3[100]  =|i  4.  67  X 10-6  per  C ± 8%  . || 

The  c-aicis  expansion  was  2,  6 times  the  a-axis  expansion;  the  authors 
claimed  no  variation  wi^h  temperature. 

The  lincar-thermia-expansion  coefficients  have  been  determined  re- 
cently for  a 150-mil  rod  3, inches  long.  The  measurements,  taken  on  a 
recording  dilatometer  over, a temperature  range  from  20  to  1000  C,  show 
a slight  increase  in  expansivity  with  temperature.  The  results  are  pre- 
sented in  Table  15,  and  compared  thereirt  with  those  for  tungsten(l)  for  the 
20  to  500  C range. 


MEG  HANlCALi’  PRQPE  R TIES 


The  Ute^jature  shows  virtually  no  data  on  thsi  mechanical  prooerties  of 
rhenium.  This  is  despite  the  fact  that  rhenium' s position  in  the  periodic 
system  and  a few  pieces  of  extant  data  indicate  that  its  mechanic^  proper- 
ties might  be  quite  interesting.  Recent  measurements  have  shown  that 
rhenium  Is  amazingly  strong  and  is  also  ductile  at  room  temperature  and 
IS  not  embrittled  by  recrystallization,  Tungsten,  for  instance,  is  not  dur- 
Ule  in  the  massive  state  at  room  temperature. 


Sin-c  mecnanical-property  measurements  were  also  made  on  thoriated 
rnsnium,  ihe  lollowmg  work  is  recorded  under  two  f eadines  "Pure  Rni»ni 
um»  and  "Thoriated  Rhenium".  ® ' * Rnem- 
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ii  TABLE  15.  LINEAR  THERMAL  EXPANSION  FOR  PURE  RHENIUM 


Temperature  Range,  G 

CvcAAj.i;Acm|  \l/^a  * iU 

20-100 

ir  i( 

i; 

ti 

6,  6 

20-200 

■ *!  •• 

6.6 

„ 20-300 

ll 

'!  '1 

6.  6 

‘ \ 

: I 

11 

20-400  \ 1 

6.6 

'/  ■ - H- 

It  ' 

20-500  , 

6.;i7  . 

20-600 

6.7 

20-700 

6,  7'^ 

20-800 

6.  8 

' 20-900 

r 

■!  ' ’ - 

6.8 

20-1000 

i: 

6.3 

20-500  (Tungsten) 

It 

■ 

4.  45 

r Pure  Rhenium  i 

■ '■  'j  • '' 

Modullus  of  Elasticity  1 

Young's  modulus  of  elasticity  had  never  been  determined  for  rhenium. 
Koste  j*  (22)  , ho^/cver.," estimated  this  modulus  to  be  about  73  x 10^  psi. 

■i,'  ai 

A total  of  six  determinations  has  been  made  on  three  separate  test 
specimens  in  the  present  vs^ork.  Four  of  these  measurements  ’JS/sre  on  one 
of  the  specimens.  In  each  case,  the  material  used  was  150;|-njil  swaged  rod 
about  5 inches  long,  A standard  1/8= inch-diameter  round  tbnsile  section  was 
ground  in  the  center  of  each  rod;  the  specimens  were  annealed,  and  two  Type 
A- 7 strain  gages  applied  to  measure  the  ciongaiion.  Curv«^a  of  load  versus 
eloiliRatiOn  were  plotted  from  the  average  strain  readings  of  the  two  gages 
as  the  specimens  were  loaded  and  unloaded  within  the  elastic  limit.  The 
modulus  values  were  all  calculated  from  the  return,  or  unloading,  curve, 
since  any  adjustment  of  the  specimen  in  the  grips  would  have  occurred  during 
loading,  and  any  other  error  could  only  have  made  the  modulus  values  lower. 


I 
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The  i^ycirag^  of  the  six  determinations,  each  repoi'tcd  in  Table  16,  was 
66.  7 {±  2.  9)  X 10^  psi.  This  is  lower  t|iin  Kdster' s est|mationf  but  is  possi- 
bly one  of  the  highest  modulus  determinations  eycr  measured.  The  value 
falls  between  those  of  tungsten  and  osmium;,  as  would  be  expected  from  the 
pericfdic  table,  and  is  the  third  highest  among  the  metals  (see  Table  17  and 
Figure  24)|‘  | 

if  I'i.  ' ' ■ ' . ■ 

TABLE  16.  MODULI  OF  ELASTICITY  FOR  THBLEE 
ANNEALED  RHENIUM  SPECIMENS 


Specimen 

Modulus  of  Elasticity, 

psi 

25  ' 

72.6j|:10^ 

”28  /' 

65.8  X 10^ 

27,  - Determination  1 

64.  9x10^ 

27,  Determination  2 

66. 4 h 10^ 

27,  Determination  3 

64. 6 X 10^ 

27i  Determination  4 

67.  1 X 106 

Average  of  six  determinations  66. 

7 (±2.  9)  X 10^  , 

■i 

TABLE  17.  MODULI  OF  ELASTICITY  OF  RHENIUM 

AND  SEVERAL  OTHER  METALS  i 

Metal 

■ - ■■  — ii— 

Modulus  of  Elasticity, 

psi 

Osmium  (9)  (22) 

81  X 106 

Iridium  (22) 

76  X 10^ 

.Rhenium 

67  X 10^ 

Ruthenium  (8) 

60  X 10^ 

Tungsten  (1) 

51  X 106 

MolySidenurn  (23) 

47  X 10^ 
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Tefasile  Strength  and  Ductility  / 

Room-Tempearature  Tensile  TcsU.  Very  little  information  cm  this  sub- 
ject is  available  frotii  the  literature.  AgteV^)  and  his  co-workers  reported 
on  the  ultimate  tensile  strength  and  elongation  of  an  v.  ivmi— oiameter 

halide^process  vapor-deposited  rhenium  wire  with  an  Oi  03-mm  tungsten  core 
wire.  Their  results  attributed  a tensile  strength,  of  about  70,  000  psi  with  an 
elongation  of  24  per  cent  to  this  specimen.  The  present  work  has  borne  out 
Agte' s findings  in  the  sense  that  agreeing  values  have  been  found  for  crystal- 
bar  ten^le 'Strength.  ■■  L 


A l/8-inch-diameter  reduced  section  was  ground  into  the  center  of  a 
length  of  crystal  bar  for  tension  testing.  A strength  of  75,000  psi  was  found, 
but  the  elongation  was  only  3 psr  client.  These  reswiits,  combined  with  metb^- 
lographic  wc;»rk  (see  Figure  3)  and  jin  the  light  of  recent  values  found  for 
sintered  and  cold-worked  rhenium,  indicate  that  crystal-bar  rhenium  repre- 
sents a conglomeration  of  loosely  adherent  crystals  attached  to  a tungsten 
wire  more  than  sound,  well-knit  metal.  The  teiisil®  tests  on  this  type  of 
rhenium  do  not  present  a true  picture  of  very  high  tensile  strength  of  an- 
nealed rhenium. 

4hree  separate  tensile  tests  have  been  conducted  on  round  swaged 
rhenium  rod  prepared  by  powder-metallurgy  technitjues.  £ach  rod  was 
about  150  mils  in  diameter  and  5 inches  each  had  a standard  1/8-inch- 

diameter  reduced  section  ground  into  the  cexxter  (ithe*>e  were  the  same  speci- 
mens as  those  on  which  modulus  determinations  were  made  previously). 
Special  g^ips  were  constructed  to  hold  the  ends  of  the  rods.  Aft^r  measure- 
misnt  of  th\e  elasticity  modulus,  one  of  the  two  A- 7 strain  gages  was  removed 
and  a specially  constructed  extensometer  for  use  with  small!  specimens  of 
this  type  v/as  applied.  Strain  was  recorded  by  use  of  the  remaining  A- 7 
gage  and  the  extensometer. 

Plots  of  the  load  versus  elongation  within  the  limits  of  the  strain  gages 
were  obtained,  and,  from  these,  the  proportional  limit  and  the  0.  1 and  0.  2 
per  cent  offset  yield  strengths  were  recorded.  Thfjse  values  are  shown  in 
Table  18,  which  also  includes  the  measured  valubs  of  ultimate  tensile 
strength,  elongation,  and  reduction  of  area. 

£t  can  be  seen  that  the  annealed  rhenium  rod  possesses  a tensile 
strength  of  about  165;.  000  psi,  combined  with  excellent  ductility,  more  than 
double  the  values  found  for  crystal  bar.  The  tensile  strength  of  annealed 
rheniipn  is  much  higher  than  that  of  annealed  molybdenum  wire  (about  70,  000 
and  higher  tlxan  that  of  annealed  tungsten  wire  (about  110,000  psi)(^^) 
The  yield  strengths  are  rather  low,  but  the  large  spread  between  them  and 
the  relatively  high  tdtiniate  tensile  strength  reflect/!  the  very  high  work- 
hardening  properties  of  rhenium.  Rhenium  also  possesses  an  appreciable 
room- temperature  ductility  (about  25  per  cent),  whereas  tungsten,  for  in- 
stance, possesses  little  or  none. 
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HBLE  18.  TENSILE  AND  ELONGATION  DATA  FOR 


The  true  stress,  <r,  and  true  strain,  5 , were  calculated  i!pr  a number 
of  poihtk  from,  the  extensometef  and  load  readings  and  plotted  in  Figure  25 
for  each  specinien.  ^ These  funqtions  are  'related  by  the  flow  equaticn: 


«‘>in  I 
O = po"' 


where. 


^ = the  strain  coefficient,  the  true 
stress  at  unit  strain  7; 


n = the  strain-hardening  exponent,  i; 


These  constants  are  also  included  in  Table  18,  and  were  taken  from 
Figure  25.  was  read  from  the  intercept  of  the  true  stress- strain  curves 
at  6 = 1,0,  and  n was  measured  from  the  limiting  slope  of  the  curves. 


Figure  26  shows  the  average  of  the  three  rhenium  curves  of  Figure  25 
as  one  plot,  and  compares  it  with  those  for  riiolybdenum^--^),  and 

copper(26),  u will  be  noticed  that  rhenium  posili^sses  a strain-hardetung 
exponent  similar  to  those  for  nickel  and  copper  (as  the  slopes  are  sirnklar), 
but  initial  strength  of  rhenium  is  of  the  same  order  of  magnitude  ais  that 
of  molybdenum.  The  combination  of  this  high  initial  strength  and  the  Ingh 
strain-ihardening  rate  produce  j3-values  of  nearly  400,  000  psi.  It  is  pjbssible 
that  no  other  metal  possessed  such  a high  combination  of  tensile  strength, 
work- strengthening  properties,  and  ductility  as  found  in  rhenium. 


In  addition  to  these  room-temperature  tensile  tests  on  pure  massive 
rhenium,  a tensile  test  has  been  completed  on  a 9.  5-mil— diameter  wire  pre- 
pared by  swaging,  T'urk' s head  drawing,  and.  wire  drawing  of  a sintered-type 
rod.  The  ultimate  tensile  strength  in  the  annealed  condition  wa-s  174,000 
psi,  which  agrees  with  results  reported  below  for  54-mil  wire  at  room  tem- 
perature. The  elongation  was  12  per  cent,  which  is  only  half  the  value  found 
for  more  massive  rod,  but  which  agrees  with  the  wire  tensile  tests  reported 
bciow.  . , 

^ i; 

Elevated- 'Jf^emperature  Tensile  Tests.  Many  of  the  |>roposed  uses  for 
rhenium  are  in  the  elevated-i;temperature  field,  particularly  from  fte  stand- 
point of  its  potentiality  as  an  electronic  tube  material.  Thus,  a survey  of 
the  high-temperature  stre^igth  properties  of  rhenium  is  essential. 


Results  to  date  have  beer,  obtained  from  tensile  tests  conducted  at 
room  temperature  and  500,  1000,  1500,  and  Aim  C on  ahnealed  and  9 and 
15  per  cent  cold-worked  rhehium  wire.  The  wire  ranged  in  diameter  from 
48  to  about  64  mils;  the  cold- worked  specimens  were  prepared  by  wire  draw- 
ing for  the  9 per  cent  reduced  stock  and  wire  drawing  rorrjbined  with  swaginp 
for  the  15  per  cent  reduced  stock.  The  specimens  were  4 to  5 inches  long. 


The  te.3t  apparatuy  had  two  basic  requirements:  (1)  the  spsci.me  is 
were  to  be  broken  in  tension  at  an  elevated  temperature;  and  (2)  the 
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FIGURE  25.  TRUE  STRESS  - STRAIN  DIAGRAM  FOR  THREE  PURE  RHENIUM  SPECIMENS  e-tTOi 
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specimen  has  to  be  protected  from  air  when  heated  above  600  C to  prevent,^ 
oxidation.  To  accomplish  this,  special  screw-tightening  grips  were  con- 
structed  to  grasp  She  small-diameter  wire.  These  were  mounted  on  rods  . 
that  were  attached  to  an  Am  si  er  lOOO-pound  universal  testing  phachixiei;'  ope 
of  the  rods  was  electrically  insulated  from  the  Amsler  machine.  Electrical 
comiections  were  attached  and  the  entire  apparatus  enclosed  ui  a gas^tightfi 
Pyr«x  tube  mechanism,  as  illustrated  in  Figure  27.  The  apparatus  was  de- 
signed with  flexible  seals  so  as  not  to  affect  load  readings  when  the  wire  was 
stressed.  Dry  helium  was  passed  through  the  protectii^n  chamber  to  prevent 
oxidation.  The  rhenium  wire  was  heated  to  test  temperature  by  self- 
resistance and  the  temperature  read  by  an  optical  pyrometer  through  a hole 
in  an  asbestos  shield  that  surrounded  the  Pyrex  tube,  thus  providing  sbme 
measure  of  thermal  insulation. 

The  results  are  recorded  in  Table  19  and  plotted  in  Figure  28.  The 
room-temperature  ultimate  tensile  strength  of  annealed  rhenium  wire  is 
essentially  that  reported  earlier  for  stock  of  more  massive  cross-sectional 
area.  Increasing  amounts  of  cold  work  raise  the  strength  significantly;  wire 
reduced  only  15  per  cent  by  cold  woi*k  has  a tensile  strength  of  nearly 
340,000  pai.  With  increasing  temperature,  the  tensile  strength  drops  off 
rather  rapidly,  as  it  does  for  most  metald.  At  1500  C,  reorystallization  has 
proceeded  with  sufficient  rapidity  to  eliminate  any  strengthening  affect ’froth 
initial  cold  work,  and  all  types  of  wire  have  a tensile  strength  of  abopt  40,  000 
psi. 

■I  \ . 

High- temperature  ductility,  however,  is  not  good.  As  can  be  seen  in 
Table  19,  both  elongation  Snd  reduction  of  area  drop  to  values  of  about  1 or 
2 per  cent  above  500  C.  The  only  difference  between  the  present  room- 
temperature  test  resiilts  and  ea:(‘iier  ones  occurs  in  the  data  for  annealed 
rhenium  wire;  previous  elongation  averaged  about  24  psr  cent  for  massive 
rod  specimens,  but  for  wire  it  is  about  iO  to  12  per  cent. 

Figure  29  compares  the  tensile  and  elongation  data  for  15  per  cent  cold- 
worked  rhenium  with  data  on  wrought  tungsten  and  molybdenum,  as  reported 
by  Kiefer  and  Hotopl^^).  Despite  the  fact  that  the  rheniunA  is 'about  54  mils 
in  diameter  and  the  other  metals  24  mils,  the  data  are  probably  quite  com- 
parative. The  rhenium  tested  was  not  fully  wrought  (15  per  cent  cold  work 
will  not  rid  rhenium  entirely  of  a recrystallized  structure),  but,  neverthe- 
less, it  appeared  stronger  than  tungsten  and  nAOlybdeiium  at.  temperatures 
below  1300  to  1400  C.  In  this  range,  and  above,  rccrystallijsation  tends  to 
equalize  the  strength  characteristics. 

In  the  matter  of  high-temperature  ductility,  rheniun'i  is  inferior  to  both 
tuiigsten  and  molybdenum.  Although  tungsten,  particularly,  tends  to  be 
brittle  at  room  temperature,  it  becomes  quite  ductile  at  elevated  tempera- 
tux'es.  Conversely,  rhenium  is  ductile  at  room  temperature  siuc'l  becomes 
brittle  at  high  temperature.  This  may  be  caused  by  the  hot  shortness  ob- 
served during  hot-working  attempts,  but  it  also  may  be,  in  pari.,  an  effect 
of  the  impurity  content,  which  is  discussed  in  detail  below.  If  t.hc  latter 
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FIGURE  27.  APPARATUS  FOR  ELEVATED“TEMPERATURE  TENSILE 

TESTING  OF  RHENIUM  UNDER  CONTROLLED  ATMOSPHERE 
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FIGURE  28.  ULTIMATE  TENSILE  STRENGTH  OF  ANNEALED  AND  COLO- 
WORKED  0.050  TO  0,065 “INCH -DIAMETER  RHENIUM 
WIRE  AT  ELEVATED  TEMPERATURES 
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FIGURE  29.  COMPARlSOi^  OF  THE  ELEVATED-TEMPERATURE  TEMSlLE 
PROPERTIES  OF  WROUGHT  RHENIUM  (15%  REDUCED), 
MOLYBDENUM***!  AND  TUNGSTEN**** 
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is  the  case^  the  very  pure  rheniuip  now  being  prepared  may  exliibit  more 
favorable  high-temperature  ductility. 

' ’ ■ • ■.  'i 

11 

Annealed  Hardnesses 

The  annealed  hardnesses  of  various  types  of  rhenium  vary  considerably 
from  one  type  of  metal  to  another.  Figure  30  illustrates  the  three  types  of 
consolidated  metal;  hot-wire-deposited  rhenium,  arc-melted  rhemuni,  and 
sintered  rhenium.  As  can  be  seen,  the  hardness  of  unworked  g<rc-melted 
metal  is  lowest,  about  135  VHN.  Crystal  bar  is  also  quite  soft,  and  shows 
a haii^dness  of  160  VHN.  Both  of  these  types  of  metal  are  quite  large  grained, 
connipared  with  annealed  rhenium  fabricated  from  pressed  and  sintered  metal 
powder,  which  has  a hardness  of  about  270  VHN.,  Grain  size  is  probably  the 
controlling  factor,  as  the  sintered  material  has  a grain  size  considerably 
finer  than  those  of  the  other  materials. 

Work  Hardening  and  Recrystallizatio’n 

The  literature  to  date  has  shed  little  light  on  the  work  hardenability  of 
rhenium,  except  for  Winkler' sC^O  statement  that  annealed  rhenium  work 
hardens  from  247  VHN  to  637  VHN  when  cold  worked.  This  indication  of 
extensive  work  hardening  has  been  more  than  borne  out  by  the  current 
studies. 

ii  , ’ ’ 

•7 

In  general,  the  experimentation  consisted  of  cold  swaging  rheni^im  to 
various  reductions,  then  h^nating  specimens  of  each  reduction  in  hydrogen  at 
various  temperatures.  By  taking  hardness  measurements  and  photomicro- 
graphs at  each  step,  the  wOrk-hardemng  characteristics  and  recrystalliza- 
tion behavior  were  readily  determined. 

Specifically,  a specimen  of  150~mil  swaged  rod  was  annealed  a number 
of  hours  to  make  certain  it  was  fully  annealed.  Its  structure  is  shown  in 
Figure  31a*  The  rod  was  then  reduced  10  per  cent  in  cross-sectional  area 
by  swaging,  and  a number  of  small  specimens  removed.  Next,  the  rod  was 
reduced  an  additional  10  per  cent  to  * total  of  20  per  cent  reduction,  and 
more  specimens  removed.  This  cycle  was  continued  until  40  per  cert  re- 
duction was  reached,  at  which  stage  the  rod  commenced  to  crack  and  break. 
The  structure  of  40  per  cent  cold-worked  rhenium  is  shown  in  Figure  31b. 

A specimen  of  each  percentage  reduction  was  then  heated  for  an  hour  under 
hydrogen  at  temperatures  {r<T,m  700  to  2100  C,  so  as  to  study  softening,  re- 
crystallization,  and  grain  growth  (as  reported  below). 

Cold  working  of  the  rhenium  produced  very  high  increases  in  biirdncss. 
Figure  32  shows  a comparison  of  rhenium  with  nickeiC®),  a metal  that  also 
work  hardens  greatly.  It  is  obvious  tliat  nickel  is  not  in  the  same  range  as 
rhenium,  the  latter  metal  tripling  its  annealed  value  to  over  800  VHN  witJi 
only  30  per  cent  reduction.  In  all  probability,  rhenium  work  hardens  more 
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e,  Kot-Vflre  -Depoiited  Rhenium,  Nci  i Center  of  Ber; 

i VHN  = 166 

i!  (Average  grain  lise  » 0. 06  mm) 

ii  *•  • I'  ■; 


' N1184S 

b.  Rhenium  Arc  Melted  Prom  Cut  Crytta!  Bar; 

I VHN  * 135 
( jtveragc  grain  rise  ■>  a mm) 


c.  AriUealvd  Rhanluir:  Flam  Compacted,  Sintered,  and  Svfiged  Metai  Powder; 

VHN  • 270 

(Average  grain  lixe  ■ 0.  004  mm) 

FIGURE  30.  HA.R1MESS  AND  GRAIN  STRUCTURES  OF  HOT<WIR£-DEPOSITEa  ARC-MELTBO.  AND 
POWDER-METAUJljRGT  TYPES  OF  RHENIUM.  ALL  FN  THE  ANNEALED  GQNDIflON 
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a.  Micioitructure  of  Pure  Annealed  Rhenlumi  VHN  ■ 270 

ij  ;; 


lOOX  " ' N3866 


b.  Rhenium  Reduced  40  Per  Cent  in  Oross-Sectlonal  Area  by  Swagingi  VHN  ■ 824 


PJoUill?  Ml,  MICROSTWJCTURES  OF  AWIEALSD,  COi'-D-WORKKD.  AMD  RECRYSTALUtiiED  RHKUUM 
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riGURE  32.  COLO- WORK  < HARDENING  CHARACTERl£iTIC!3 
OF  RHENIUM  AND  NICKEL 
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than  any  other  fabriCjable  pure  metal  and  ijnore  tha^x  most  alloys,  and  the 
wo^k-hard$ned  hardijxess  is  in  the  same  range  as  t^iat  of  many  intermetallic 
compounds.^'  | 

After  Study  of  the  hardening  characteristics,  the  effects  of  annealing  at 
different  temperatures  on  the  various  worked  types  of  rhenium  were  studied. 
The  hardness  valult's  after  1 hour  at  various  tlnnealing  temperatures  are 
given  in  Table  20  ,a|’hd  plotted  in  Figure  33.  The  [values  appear  to  be  irathex' 
erratic^  particula?/ly  above  2000  C,  where  temperature  control  was  [poor. 
The  results,  hovi»eVer,  clearly  show  that  rccrystallization  and  softening 
commence  abou|  900  C.  Metallographic  studies  (as  illustrated  in  Figure 
32c  for  .40  per  cent  reduced  metal)  and  the  hardness  curves  indicate  [that 
rhenium  reduced:  10  pex’  cent  has  softened  and  rccrystallized  after  1 hour 
at  1500  C,  whilst  rhenixim  reduced  20,  30,  and  40  per  cent  requires;;  an 
hour  at.abohtA300  C to  reach  a well-softened  state.  The  10  per  cerit  cold- 
worked  metal  requires  a higher  recrystallization  tem|^?erature  becaiilse  it 
contains  less  available  energy  from  less  working,  and;  thus  cannot  tli’igger 
recrystallizatiqn  so  readily  as  those  specimens  containing  more  woifk. 

This  information  indicates  that  anneals  of  about  1 hour  in  the  tempera- 
ture range  13|)G  to  1500  C should  be  sufficient  to  soften  rhenium  and  allow 
cold  working  to  proceed  as  described  above  in  this  report.  In  actual  prac- 
tice,  howeyei';  it  has  been  found  that  annekling  somewhat  above  these  limits 
is  necessary  for  successful  fabrication;  if  all  annealing  is  done  around 
1700  C and  for  2 to  4 hours,  little  trouble  results,  but  annealing  according 
to  the  recrystall^zation  curves  sometimes  results  in  postaivi^ieal  hardnesses 
gradually  creeping  upward  to  over  400  VHN,  a condition  which  causes 
cracking  and  failure  of  the  stock  during  the  cold  working; 

fi 

Grain  Size  aau  Grain  Growth 

During  the  reci'ystallization  study  report^'d  above,  grain  counts  were 
instituted  in  the  temperature  ranges  above  that  at  which  recrystallization 
commenced  for  all  types  of  cold  work.  The  Jeffries  method  for  grain- size 
estimation  was  used;  the  results  are  shown  in  Figure  34,  which  compares 
grain  diameters  and  annealing  temperature. 

• I , ■ '■ 

.] 

In  general,  the  grain  size  was  very  small.  Before  grain  growth  com- 
menced, the  recrystallized  grain  diameter  was  only  about  0.  004  to  0,  006 
mm,  much  finer  thaxx  unworked  hot-wire-deposited  and  arc-melted  rhenium 
(see  Figure  30  foi’  comparisons). 

Despite  some  scatter,  the  graph  clearly  shows  that  increasing  amounts 
of  cold  work  produce  successively  finer  grain  sizes  upon  recrystallisation, 
as  would  be  expected.  In  addition,  reductions  up  to  20  per  cent  cause  tbs 
highest  rate  of  grain-size  decrease,  corx-e spending  to  the  greatest  rate  of 
work-hardenina  (Figure  32).  Further  redaction  increases  these  effects, 
but  at  a lower  rate. 
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Figure  33  shows  th«, it  recrystallization  is  nearly  complete  in  the  temv. 
peratore  range  1300  to  HOO  C,  an<i  it  is  ir  this  range  that  grain  growth  com- 
mences. The  single  esjception  is  the  10  per  cent  reduce^  metal,  which  lags 
in  recrystallisation  and  correspondingly  lags  i,n  inception  of  grain  growth  to 
the  1400  to  1500  C range. 

Thoriated  Rhenium 

_ ' . 'I 

ThOriated  tungsten  is  a very  commonly  used  thermionic- emission 
material,  and  it  has  been  thought  that  thoriated  rhenium  might  have  an  en- 
hanced emission  also.  Accordingly,  some  of  the  basic  mechanical  proper- 
ties of  thoriated  rhenium  have  been  investigated. 

.Tensile  Strength  and  Ductility  , 

■ ,1  _ — ■ - H ■ ■■  .!■■  ,, 

Three  tensile  tests  have  been  completed  on  thoriated  rhenium,  one  each 
for  0.  S,  1.  0,  and  2.  0 per  cent  thoria  content  by  weight  calculated  as  thorium 
metal.  A 5.  0 per  cent  alloy  was  tod  brittle  to  be  fabiHcated  and  tested.  All 
of  these  tensile  tests  were  conducted  on  rod  containing  l/8-inch  standard 
reduced  tensile  sections,  the  tests  being  carried  outvin  exactly  the  same 
manner  as  has  been  described  for  pure  rhenium,  wi{;h  the  exception  that  no 
modulus  of  elasticity  was  determined. 

The  results  are  summarized  in  Table  21.  Increasing  amounts  of  thoria 
reduce  the  ultimate  tensile  strength  iii,  a roughly  proportional  manner,  but 
do  not  affect  the  proportional  limit  and  offset  yield  strength,  to  any  marked 
degree.  Even  small  amounts  of  thoria  reduce  the  elongation  and  reduction 
of  afea  app.reciably,  but  increased  amounts  o.{  thoria  cause  no  further  de- 
crease. ■ , ' 

ii  v: 

Work  Hardening  and  Recrysta'ilisation 

Specimens  of  the  0,5,  1.0,  amd  2,0  per  cent  thoriated  rhenium  rod 
were  annealed;  their  structures  appeared  as  ir^  Figure  35a.  Reductions  of 
10,  20,  30,  and  40  per  cent  by  swaging  were  given  to  each  bar,  as  previously 
reported  for  pure  rheniutn.  Structures  at  40  per  cent  reduction  appeared 
as  in  Figure  35b.  Anneals  at  various  temperatures  up  to  1700  C were  then 
conducted  in  order  to  study  the  effect  of  thoria  content  on  the  cr ystalliaation 
behavior. 

The  hardness  values  after  annealing  1 hour  at  various  temperatures 
are  plotted  in  Figure  36  and  recorded  in  Table  22.  in  general,  thoria  tends 
to  lower  the  recrystallization  temperature,  the  O.S  per  cent  addition  being 
quite  effective.  There  was  no  marked  further  lowering  of  the  recrystalUza- 
tion  temperature  with  increasing  amounts  of  thoria. 
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TikBLE  22.  HASBNESS  VALUES  FOR  THORiATED  RHENIU1««  AFTER  WORK  HASDENIHG  BY 
SWAGING  .WD  RECRYSTALLIZEIG  BY  ANMEALINiG 
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The  annealed  hardnesses  seem  to  be  leas  erratic  than  those  fptind  for  ' 
pure  Ji'henium;  for  all  types  of  cold  work  and  for  aU  thoria  contents, |l  they " ' 
level'to  about  the  300  VHN  value  above  the  recrystallization  temperlkture  and 
maintain  this  level.  As  was  the  case  with  pure  rhenium,  10  per  ceijjt  i-educeu 
metal  does  not  recrystallize  so  readily  as  the  more  heavily  reduced|stock. 
The  apparent  average  recrystallization  or  softening  temperatures,  (l|o^pil£<l 
from  hardnessrtemperature  plots  and  visual  examination  of  the  micifostruc- 
tures:  for  both  pure  and  thoriated  rhenium,  are  summarized  in  TahliiVzS. 


TABLE  23.  TEMPifeRATURES  AT  WHICH  SOFTENING  OCCURS 
IN  PURE  AND  , THORIATED  RHENIUM  i 


Softening  Temperature,  C,  for 
the  Following  Per  Cent 


Composition 
Pure  rhenium 

0.  5 per  cent  thoriated  rhenium 

1.  0 per  cent  thoriated  rhenium 

2.  0 per  cent  thoriated  rhenium 


Reductions  by 

Swagma 

10 

20 

30 

40 

1500 

1300 

1300 

1300 

1300 

1200 

1200 

uoo 

1200 

1200 

1200 

1200 

1300 

1100 

111  00 

1100 

ELECTRONIC  PROPERTIES 
E.  N.  Wyler,  D.  N.  Gideon,  and  F.C.  Todd 

Thermionic  Emission  of  Pure  Rhenium 


Introduction 

A survey  of  the  literature  at  the  beginning  of  this  project  disclosed 
only  two  sets  of  emission  coiistanta  for  rher.iumi,  reported  by  Mcilor(‘8) 
from  Alterthum  and  by  Levi  and  Espersenl^^).  Altcrthum,  using  a surface 
of  rhenium  deposited  on  tungsten  by  vapor-phese  decc-mpoailion  of  a rheniurri 
halide,  obtained  a work  function  of  5. 1 electron  volts  and  a RicharuBO.u 
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constant  of  200  amp/cmVK^c  Levi  and  Espersen  obtained  a work  function  ^ 
of  4.  74  electron  volts  and  a Richardson  constant  of  720  amp/cm^/K^  for  ^ 
rhenium  electroplated  on  a tungsten  wire.  These  values  were  calculated 

. - <?>  ^ ^ ,j  '■ 

from  measurements  by  using  the  relation  J = AT^e  whe^e  J is  the 

emission  current  in  amp/cm^,  A is  the  Richardson  constant, ’ T is  the 
absolute  temperature  K,  <t>  is  the  work  function,  and  k is  the  Eoltzmhnr. 

. Constant.  ‘ N ' 

Because  the  reported  Richardson  constants  exceed  the  theoretical 
value  of  120  arjtip/cm^/K^  by  wide  margins,  it  is  believed  that  the  samples 
of  rhenium  wehe  inot  pure.  Another  point  of  interest  is  that  one  sCt  of  con- 
stants indicates  that  rhenium  has  considerably  poorer  emission  tliian 
tungsten,  whereas  the  other  set  indicates  that  rhenium  has  much  better 
emission  than  does  tungstep.  For  these  reasons,  experimental  ^^ork  was 
initiated  on  the  measurement  of  the  emission  constants  of  pure  rhenium. 

■<  , I ' ■ f' 

Desijgn  of  the  Guard-Ring  Djode  i 

Initial  experiments  wi^ith  a guard-ring  diode  and  a dynamic  vacuum 
system  indicated  the  need  fdr  a guard- ring  diode  sealed  off  from  the.  vacuum 
pumps.  The  emission  constants  obtained  for  a cathode  in  a tube  v/ith  a 
•dynamic  vacuum  varied  over  a pCriod  of  time,  indicating  an  impurity;  bn  the 
rhenium.  Since  carburiisation  of  the  hot  rhenium  surface  by  the  diffusion- 
ptimp  oil  was  suspected,  the  next  experiments  were  conducted  with  a iguard- 
ring  diode  that  could  be  sealed  off  after  being  outgassed  in  an  oven  apd 
pumped  to  a pressure  of  abovit  lO-^  of  mercury  before  sealing,  A photo- 
graph of  the  guard- ring  diode  used  in  the  later  measurements  is  shown  in  , 
Figure  37,  The  anodes  in  this  structure  have  an  irtternal  diameter  oi  0.400 
inch,  and  the  central  anode  has  an  axial  length  of  0.  294  inch.  The  over-all 
axial  length  of  the  three  anodes  is  great  enough  that  the  entire  length  of  the 
cathode  was  surrounded.  To  reduce  the  possibility  of  contamination  of  the 
emission  specimen  by  evaporation  of  material  from  the  anodes,  they  were 
constructed  of  molybdenum.  Also,  to  reduce  the  possibility  of  contamination 
of  the  specimen.s  by  evaporated  material.^  from  the  getters,  the  j^ettera  were 
mounted  in  a side  tabulation  on  the  glass  envelope.  An  ioaizatioifi-gage  tube 
was  also  attached  to  the  main  glass  envelope,  so  that  the  pressure  in  the  test 
chamber  could  be  monitored  during  the  emission  measurements.  The  ioniza- 
tion gage  was  operated  continuously  to  clean  up  trace  gases. 


Preparation  of  the  Rhenium  Cathodes 


The  cathode  used  in  the  first  set  of  experimentfs  was  a wire  drawn  to 
a final  diameter  of  0.020  inch.  The  ends  of  a 1. 75..inch  length  of  this  wire 
were  forced  mto  holes  in  the  ends  of  l/S-inch-Uiameter  molybdenum  rods. 
These  molybdenum  rods  served  a,?  mechanical  supports  and  as  current  leads 
in  the  diode  structure- 
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, ji  Fori  the  second  set  of  experiments,  a cathode  was  prepared  })y  grinding. 
The  tends  of  a rod  that  tad  been  drawn  tb  a diameter  of  0.  064  inch  were  ^ . 

mounted  in  holes  in  the  sends  of  molybdenum  rods.  The  rhenium,  in  its 
molybdenum- r<^  supports,  was  ground  in  a lathe  with  an  alumina  abrasive 
wheel  to  a final  diameter  of  0.  0235  inch.  An  alumina  wheel  is  not  the  b<ist 
one  for  rapid'  g;|rihding,  hut  it  was  hiked  because  particles  of  alumina  are 
easy  to  removte  from  the  surface  of  rhenium  by  electrppolishing. 

: Both  cathodes  described  above  were  electropolished  with  precautions 
against  temf)vaL  of  excessive  amounts  of  rhenium. 

1? roces sing  ol  Che  Guard-Ring  Diode 

ti  ii  " ■;  ■ ' 

Prior  to  ^Assembly  of  the  gdard-ring  diode,  all  parts  of  the  tube  V/ere 

cleaiicd  very  thoroughly.  After  assembly,  the  tube  was  attached  to  a vacuum 
system  and^^  tl^ie  exhaust  schedul^  initiated.  The  vacuum  pumpk  were  a Distil- 
lation Prcductls  tliree- stage  oil<ildiffusion  pump  backed  by  a Welch  Duo-Seal 
mechanical  piimjp.  After  the  diffusion,  pumps  had  operated  for  about  an  hour, 
the  tube  was  baked  at  a temperature  of  450  C for  16  to  24  hours.  Then  the 
tube  was  cooled  to  room  temperature  and  hydrogen  was  introduced.  A hydro- 
gen’glow  was  operated  between  the  several  metal  parts  to  reduce  oxides  and 
to  remove  adsorbed  gastes.  Some  parts,  particularly  the  anodes,  were  also 
outgassed  by  induction  beating.  After  this,  the  pumps  were  started  again. 
Wheri  a good  vacuum  ha^  been  obtained,  the  filament  was  outgassed  by  elec- 
trically heating  to  1500  C.  The  getters  were  also  outgassed  by  induction 
heating.  Finally,  the  diode  was  baked  out  at  450  C for  24  to  48  hours.  The 
diode  was  then  cooled  to  room  temperature,  the  filament  again  outgassed  at 
1500  C v and  the  tube  sealed  off.  The  getters  were  then  fired,  giving  an 
ionization- gage  reading  of  3 to  6 x 10*8  mm  of  mercury,  Tke  diode  was  then 
ready  for  experimentation. 

i{ 

Determination  of  the  Thermionic»-Emission  Constants 

The  emission  constants  of  the  drawn  rhenium  wire  were  determined 
for  three  ranges  of  operating  temperature.  The  first  series  of  measure- 
ments was  made  with  a maximum  cathode  brightness  of  1600  C.  The  second 
and  third  were  made  with  maiiimum  cathode  brighti.  jss  of  iSOO  C and 

2000  C,  respectively.  Several  determinations  of  the  emission  constants  of 
the  rhenium  cathode  were  made  ever  each  temperature  range.  The  emission 
co.nstants  were  determined  .from  Richardson  plots,  which  involve  the  use  of 
saturation  currents  from  the, cathode  at  various  temperatures.  For  each 
Richardson  plot,  the  emission  currents  were  measured  first  for  the  highest 
temperature  for  that  series,  and  then  the  measurements  were  repealed  as 
the  temperature  was  decreased  in  steps  It  has  been  found  from  previous 
experience  with  this  type  of  measurement  that  the  cathode  remains  in  a 
reasonably  constant  state  o.t  uctivj.tion,  and,  consequently,  less  ciiangc  in 
the  work  function  is  noted,  when  the  rneasuremenis  are  started  at  the 
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highest  temperature  and  at  the  highest  anode  potential  tliat  is  to  he  used  for 
a given  sequence.  The  brightness  tempeiratures  were  determined  with  ait. 
optical  pyromet,pr. , From  the  known  value  of  the  spectrp  emissivity/,  dis- 
cussed elsewhei'e  in  this  report,  the  true  temperatures  Were  cEileiil®|ed  asi-d 

then  were  used  in  determining  the  emission  constants.  !] 

'i  . . ' '■ 

The  emisslcn  characteristics  for  the  drawn-wire  rhemum  in  the  test 
diode  are  shown  in  a plot  of  the  logarithm  of  current  against  the  square  root 
of  the  electric-field  intensity.  When  the  data  iare  plotted  in  this  manner,  the 
Schottky  portions  of  the  curves  are  linear  and  the  saturation  current  at  a 
given  temijerature  is  determined  by  extrapolating  iQie  Schottky  line  to  i&eru  ■ 
electric  field.  A typical  set  of  Schottky  plots  for  the  drawn-wire  rhenium 
cathode  is  shown  in  Figure  38,  The  saturation  currents  determined  from 
Schottky  plots  were  inserted  in  I^ichardson  plots,  where  the  work  function  ib 
found  from  the  slop6,  and  the  A value  (or  Richardson  constant)  is  found  by  ; 
substitption  of  the  work  f'rnotion  in  the  Richardson  equation.  ' 

I'he  emission  constants  pf  the  Rhenium  cathode,  which  was  ground  to 
size,  were  determined  in  a similar  manner.  Measurements  oh  this  cathode 
were  initiated  at  approximately  1800  C brightness  as  the  highest  tempera- 
ture on  a Richardson  plot,  and  a set  of  typical  Schottky  plots  of  the  data  col- 
lected for  the  ground  rhenium-wire  cathode  is  shown  in  Figure  39,.  ' 

■I 

In  order  that  the  best  data  obtained  might  be  reduced  to  a single^  work 
function  and  a single  Richardson  constant,  a Richardson  plot  was  made  "of 
the  data  from  two  sets  of  measurements  on  the  drawn  wire  and  one  set  of 
measurements  on  the  ground-down  wire  as  shown  in  Figure  40,  The  siWiight 
line  was  fitted  to  the  points  by  the  method  of  least  squares.  The  work  func- 
tion determined  from  this  plot  is  4.80  electron  volts,  and  the  Ridhardscin 
constant  is  52  amp/cm^/K^, 

The  Effects  of  Impurities  on  Thermionic  Emission 

Data  from  each  of  the  two  wires  were  collected  over  an  extended 
period  of  time.  Thess  data  indicated  that  changes  occurred  in  the  emission 
constants  during  the  period  of  the  measurements.  It  was  established  as 
reasonably  certain  that  the  change  in  emission  constants  was  the  result  of 
the  presence  of  small  amounts  of  impurities  in  the  wires,  known  to  be  about 
0.  2 per  cent  for  the  ground  wire.  The  impurity  «,oiiterit  of  the  drawn  wire 
is  uot  ^nown  accurately,  but  the  proportions  oi  the  iiripuritics  are  believed 
to  be  very  similar  to  those  for  the  wire  that  was  ground  l:o  size.  A typical 
spectrographic  analysis  of  the  impurities  is  presented  in  Table  1 as 
Sample  12.  Depending  on  the  type,  the  amount,  and  the  diistributiOn  of  the 
impurity  nn  tho  sJirface,  the  emission  current  at  a given  temperature  may 
bi*  either  r;>isecl  or  lowered.  This  change  in  the  emission  is  also  shown, 
of  course,  by  a change  in  the  measured  values  01  the  Richardson  constants. 
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•OR  GROUND -WIRE  RHENIUM  CATHODE  a-sto* 


Drawn  wir* 
Drawn  wir« 
Srourd  wir« 


FIGURE  4Cl  AVERAGE  RICHARDSON  PLOT  FOR  RHENIUM  CATHODES  A-»7or 


It  has  been  noted  by  this  laboratory  and  by  other  investigators  thst  !. 
a plot  of  the  work  function  yersua  Ae  log  of  A for  various  degrees  of  surface 
contamination  will  yield  a straight  line.  Schottky  ai^d  Zwikkeir  have  advanced  . 
theories  for  this  relation  which  ar'e  i»umtnarized  by  DeBoer  (^^).  In  general, 
the  relation  is  attributable  to  adsorbed  ions  which  form  a dipole  layer  and  this 
dipole  layer  changes  the  reflection  coefficient  for  electrons  that  approach  the  jj 
surface  from  the  interior  of  the  material.  Adsorbed  elcctrohagativc  ions  ■; 

such  as  O and  N result  in  an  increase  in  the  work  function  while  adsorbed,  |i 

electropositive  ions  such  as  Ba  and  Cs  result  in  a decrease  in  the  work  func-  ; 
tion.  A plot  (Figure  41)  of  the  work  function  versus  log  A was  mjade  with  the 
data  obtained  from  the  two  rhenium  wires.  The  Richardson  constants  |’or  the 
average  curves  through  the  data  from  both,  wires  are  indicated  by,  the  point 
with  the  descriptiitVe  note.  The  .measurements  for  these  points  were  niiade 
very  early  id  the  series  of  tests  before  the  rhenium  was  held  at  elevated  tem- 
pera turd:  long  enough  for  much  diffiision  of  impurities  to  the  surf  tee.  With 
Continued  operation  of  the  wire  at  an  elevated  temperature,  thei  wdrk  functions 
of  both  wires,  first  decreased  to  values  lower  than  average,  atnd  then  increased 
s lovely  td''^thdhigher'',  value  si  Measurements  known  to  be  iti  error  were  omitted 
from  the'lplot.  The  decrease  and  then  increase  in  the  work  ftmctipn  would  be 
expected  if  there  were  at  least  two  impurities  in  the  body  of  the  material, 
and  if  these  two  materials  diffused  to  the  surface  at  different  rates  while  the 
rhenium  wire  was  held  at  a high  temperature. 

It  may  alrso  be  observed  from  the  curve  that  the  emission  currexit  is 
readily  reproducible  from  one  cathode  to  another,  and  the  fact  that  the  data 
from  both  cathodes  are  on  the  same  straight  line  indicates  that  both  cathodes 
msiy  have  the  same  impurities.  Furthermore,  the  times  at  each  tempcratux'c 
were  quite  different  for  the  two  wires,  so  that  the  check  is  remarkable. 

Since  the  measurements  near  the  start  of  the  heating  check  each  other,  it  is 
our  opinion  that  these  readings  most  closely  approximate  the  true  work  func- 
tion of  rhenium. 


Therhiiomc  Emission  of  Thoriated  Rhenium 

Introduction 

Because  of  the  possibility  that  thoriated  rhenium  milght  be  a better 
thermionic  emitter  than  thoriated  tungsten,  experimewts  were  initiated  to  de- 
termine the  emission  constants  of  thoriateo  rhenium.  The  greater  emission 
of  thoriated  tuiigsten  as  compared  with  pure  tungsten  is  due  to  the  presence 
of  thorium  meUl  on  the  emitting  surface.  The  thorium,  which  is  incorporated 
in  tlie  bulk  of  the  tungsten  as  thorium  oxide,  is  produced  by  reduction  of  tiie 
oxide  at  temperatures  in  the  range  of  2200  to  2500  C.  Thoriated  tungsten 
filaments  are  always  carbonised  so  that  che  thorium  oxide  is  reduced  by  the 
carbon  at  operating  temperatures.  At  the  operating  temperature  of  the 
emitter,  1600  to  1800  C,  an  equilibrium  exists  between  tl^c  rate  of  evapora- 
tion of  thorium  from  the  surface  and  tbs-  rate  of  diffusion  of  thorium  Cixide  to 

the  surface. 


Since  the  rate  of  diffusion  of  tliorium  and  the  effect  of  thorium  on  the 
eiDioslon  characteristics  almost  certainly  differ  in  magnitude  for  rhenium 
and  tungsten,  a.  considerable  number  of  experiments  would  be  necessary  to 
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Log  A (Amp/ Cm* /K*) 


___  Pure  Rhenium  ''  ' I 

4.  "Drown"  wire,  1600  C-2000  C 

— brightneee  — 

„®  " Ground"  wire,  1850  C JL- 

brightness  y* 


Averaged  line,  Figure  16,  Sixth 
Quarterly  Report 
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FIGURE  41.  ACTIVATION  PLOT  FGH  PURE  RHENIUM  FILAMENTS 
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determine  the  optimum  conditions  of  preparation  and  of  operation  of  thoriated 
rhenium  cathodes.  A set  of  preliminary  experiments  was  carried  out  ^^ith.  a 
thoriated  rhenium  cathode  that  originally  coataitiad  1 per  cent  thoriurn  as 
thorium  oxide. 


Fabrication  of  Cathode  for  Guard-Rincr  Diode 


The  thoriated  rhenium  cathode  employed  for  the  measurements  to  be 
described  was  ground  lb  the  desired  dimensions  with  an  aluminum  oxide 
abrasive  wheel.  ,,  After  grinding  to  siae,  the  c\athode  was  electropolished  to 
remove  impurities, left  Isy  the  abrasive  wheel.  The  final  dimensions  of  the 
cathode  were  a diameter  of  0.  023  inch  and  a length  of  0.  6^  inch.  The  cathode 
was  mouUfted  in  a guard-ring  diode  similar  to  that  shown  iii  Figure  37,  but 
which  did  not  have  an  ionization-gage  tube  attached.  | 


Proceiising  of  Guard-Ring  Diode 


The  guard-ring  diode  with  theiithoriated  rheniuth  cathode  was  attached 
to  the  same  vacuum  system  and  processed  in  essentially  the  same  w?|y 
described  for  the  pure  rhenium  cathode.  Just  before  the  tube  was  s^altid  off 
from  the  vacuum  system^  the  pressure  indicated  by  the  ion  gage  in, '^e  pump- 
ing system  was  near  10’^  mtn  of  mercury.  After  the  tube  was  sealled  off, 
the  getters  were  fired.  ji 


Determination  of  the  Thermionic -Emission  Constants  # j i; 

The  emission  constants  of  the  thoriated  j^henium  cathode  wel’e  meas- 
ured in  essentially  the  same  way  iisi  they  were  for  pure  rhenium.  Tliai;  is, 
readings  of  temperature  and  satur^vtion  emissipi'i  ci|irren.t  were  obti^ined 
first  for  a certain  temperature  tihai^  had  been  mslintained  for  several  hours. 
The  saturation  current  at  each  temperature  was.  determined  by  measuring 
emission  currents  as  the  anode  voltage  was  decreased  from  its  highest  value 
to  low  values,  and  by  plotting  these  quantities  pii  a Schotiby  plot.  This 
process  was  repeated  as  the  temperature  was  .SUicreasedJjstepwise. ' The  work 
function  and  the  Richardson  constant  vfe re  calcuiiatod  frojjn  a Richardson 
plot  of  the  saturation  currents  and  the  temper al|ires.  jj, 

’ ■'  ' iii  ■ ' ' ■ 

The  temperature-time  schedule  followed  in  '(he  experiments  y^ai) 
similar  to  the  schedule  appropriate  for  a thoriated  tungsten  cathode,  AftCr 
activation  at  a high  temperature  and  aging  at  an  intermediate  temperature, 
a RiChardnon  plot  was  made,  begiruriing  at  a true  temperaijure  of  1575  C. 
Richardsc^n  plots  v/arc  made  for  higher  temperatures  later,  as  the  iTnaximurrt 
temperature  was  increased  in  steps  froVii  1575  C to  2350  C.  Throu,'ghout  the 
series  of  experiments,  the  emis.«?ion  of  the  thoriated  rhenliun  Cathode  did 
not  rxr.eed  0,  flOi  arop/cm^^  at  1625  C,  compared  with  about  !.  5 amp/ent?-  at 
1625  C to  be  expected  from  a thoriated  tungsten  cathode  The  carbcalza- 

tion  of  the  surface  for  the  reduction  of  the  tnoriurn  fl-Xide  was  obtained  from 
ihe  cracking  of  the  oil  fiom  the  dilfusten  pump  on  the  surface  of  the  hot  wire. 
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These  values  may  be  compared  with  0.0000^6  amp/<;m2  for  ipijre 

rhenium  and  0.  00022  amp/cm^  for  pure  tungsten  at  a temperature  of  1625  C. 
These  data  indicate  a hundredfold  increase  in  the  emission  current  of 
rhenium  upon  the  addition  of  1 per  cent  thorium,  ThCiincrease  in  emission 
cur'resiC  df  thoriafced  tungsten  over  that  of  pure  tungsten  is  approximately 
70>000.  Although  exhaustive  tests  of  thoriated  rhenium  itave  not  been  made;, 
jjie  present  data  tend  to  indicate  that  the  degree  of  emission  v^nhancement  | 
win  not  b^e  nearly  39  great  for  the  addition  of  thorium  to  rhenium^as  for  the 
addition  of  thorium  to  tungsten.  It  is  expected  that  fin  increase  in\the 
em^s^ion  of  thoriated  rhenium  would  be  produced  by  increasing  th^  thoria  j| 
content  of. the  rhenium,  but  whether  the  emiss.ibSi  Of  thoriated  rhenium  under  ii 
any  condition, '.vould  surpass  the  emission  of  thoriated  tungsten  is  problemati-^ 
cal,. 

'■  !i  " ■ " ;; 

Thermionic  Emission  of  Impregnated  Cathodes 

. ii  . . ' ' t)  ■ ' 

Impregnated-type  cathodes  have  become  .industriall  y important  in 
recent  years.  The  Philips  impregnated  cathode  consists  of  a mixture  of 
powdered  tungsten  and  powdered  barium  aluminate  pressed  into  the  desired 
form  and  sintered.  Since  impregnated  cathodes  are  widely  used  in  various 
types  of  vacuum  tubes,  especially  in  military  magnetrons,  it  appeared  de- 
sirable iio  determine  whether  a cathode  that  employs  rhenium  powder  instead 
of  tungsten!  has  comparable  characteristics.  Therefore,  a test  program  to 
deterjmine  the  properties  of  rhenium-barium  aluminate- impregnated  cathodes 
was  initiated  at  Battelle, 


Cathodes  Impregnated  With  Barium- 
Strontium  Carbonates 


A study  of  impregnated  rhenium  cathodiis  v/as  initiuLcd  y/ith  mixSiui  ca 
of  powdered  bai'ium  and  strontium  carbomites  as  the  emitter  impregnating 
material.  Several  sleeve  shapes  were  pressed  from  a mixture  of  90  per 
cent  rhenium  powder  with  10  per  cent  of  a barium-strontium  carbonate  rnix^ 
ture.  The  icarbonate  mixture  contained  60  mole  per  cent  barium  carbonate 
and  40  mole  per  cent  strontium  carbonate.  The  sleeves  were  presintered 
at  tenjperatureH  up  to  1 "'CO  G.  After  the  presintering  treatment,  the  sleeveiS 
were  placed  in  a compression-type  mount,  bo  that  currant  could  be  pa.ssed 
through  them  for  additional  sintering  and  activation  iu  the  test  diode,  It 
was  necessary  to  keep  Ithe  pre.sintering  temperature  low  to  prevent  decom- 
position oi  the  barium  and  .strontium  rarbonates.  Had  the  sleeves  been 
healed  to  a temperature  high  enough  to  decompose  the  carbonates,  th^ 
cathodes  would  have  been  poisoned  by  water  vapor  before  they  could  have 
been  placed  in  the  tesi  diode.  It  found  by  experirnent  that  the  preaintcr- 
ing  treatment  did  not  yield  a body  of  sufficient  mechanical  strength  to  with- 
stand the  sintering  operation  i.n  the  test  di*xle.  After  unauccesjtful  attempts 
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y ■"  ;;  .1.,  Ill  , , 

to  produce^ an  irnpregnated  cathCMie  of  rheniiim  and  barium-stroutiuizi  car- 
bonateSj  work  v/aa  directed  toward  producing  a cathode  of  rhenium  irnpreg-^ 
nated  with  barium  alijininate.  v 

''' ' ' ' ' ' 'ip  : . ■ 

C&thbdeg  Impregnated  With  Barium  Alunninate 

, 4V  sample  of  normal  barin.m  aluminate  was  prepared  by  the  Analytical 

chemistry  jDivision  of  Battelle.  The/aluminate  was  prepared  by  mixing 
water  solutions  Of  barium  hydroxide  add  aluminum  nitra(;c  in  stoichiometric 
quantities.  The  solution  was  dried  and  the  salt  was  pulverised  in  an  agate 
mortar,  and  then  placed  in  a platinum  crucible  and  heated  to  a temperature 
of  about  750  C for  l/2  hour.  The  final  product  was  normal  barium  alumi- 
nate. ■ 

,7/  • - 

Impregnated  cathodes  were  forrned  by  thorpughly  mixdng  the  barium 
aluminate  and  rhenium  powder  and  pressing  a sleeve  in  a three-se^lment  die 
of  the  type  usually  used  for  the  formation  qf  molybdenum-thoria  compacts 
for  cerrnet-type  cathodes.  Mixtures  of  two  compos itiona  were  compressed 
for  the  initial  tests.  One  rnixtuVe  was  20  per  cent  bariant  aluininate  with 
60  per  cent  rhenium  powder.  The  resulting  compacts  were  fired  in  a 
vacuum  furnace  for  I/2  hour  at  a brightness  temperature  of  1900  C.  Both 
mixtures  produced  mechanically  strong  sleevs-type  cathodes  that  could  be 
heated  by  passing  current  through  them.  These  sleeve-type  cathodes!  were 
supported  for  test  in  a special  mount  that  maintained  the  cathode  under  com- 
pression during  operation. 

'i 

Testing  occurred  in  a water-cooled  diode  provided  with  tv/O  platinum 
anodes.  One  of  these  anodes  is  movable  and  kurraunds  the  cathode  during 
the  early  stages  of  activation.  It  is  then  removed  to  expose  the  clean  buJ.*- 
face  of  the  main  platinum  anode  for  the  therm  ionic -enii. *4  a ion  measurements. 
Past  experience  has  shown  that  reproducible  measurements  of  the  emission 
constants  of  various  materials  can  be  obtained  in  a dynasnic.  vacuum  system 
with  these  diodes. 


9 


After  the  cathode  was  placed  in  the  diode  and  the  system  exhausted  to 
a pressure  of  approximately  10-6  nrjm  of  mercury,  the  cathode  temperature 
was  raised  slowly  to  1100  C brightness  while  the  cathode  was  surrounded  by 
the  movable  platinum  anode.  When  the  pressure  became  constant  at  this 
temperature,  d-c  voltage  was  applied  across  the  diode  and  raised  slowly, 
When  the  emission  current  reached  a value  corresponding  to  the  maximum 
safe  power  dissipation  for  the  movable  platinum  anode,  th.?  anr^i!*  was  raised 
to  exposi.i  the  clean  platinum  surface  of  the  n>ain  anodr,  anode  potential 

was  then  raised  slowly,  while  a pressure  of  about  10-6  mm  ol  mercury  was 
ynciintaiiicd,  until  satuxuliwfU  of  the  cmissioii  *.urrcnt  was  obtaiTied.  The 
saturation  currents  were  measured  for  various  temperatures  by  decreasing 
the  voltage  and  tempexaturc  in  steps.  The  emission  was  tticasun-td  alter- 
nately under  pulse  and  then  under  d-c  conditions.  The  data  from  these 
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measurements  were  p' .•  od  i’.  ^lichardson  plots  for  the  purpose  of  determin- 
ing the  emission  cons  ,?  .its.  After  one  Richardson  pI\ot  was  obtained,  the 
maximum  temperatu  ■ of  'Measurements  was  then  raised  about  50  C and 
another  Richardsor  y ot  < rtained.  Several  sets  of  data  were  obtained  in  this 
manner,  up  to  a rr  .imu-n  cathode  temperature  of  1350  C brightness. 

\ 

A Richardso-'  pJ/vt  for  the  pulse-emission  data  from  a cathode  of  20 
per  cent  bariuru  ' .rinate  and  80  per  cent  rhenium  at  a maxin^um  bright- 
ness temperatu/  .>  1350  C is  shown  in  Figure  42.  The  pulse  ^ork  function 
under  these  cr  . .♦'.ons  of  operation  was  2.  5 electron  volts,  and  the  A value 
was  6.  8 amp  . / The  pulse  emission  current  at  a tempera'.ure  of 

1350  C was  j /■'  ma/cm^. 

A f i'-hardson  plot  for  the  d-c  emission  data  from  a cathode  of  20  per 
cent  ba:  aluminate  and  80  per  cent  rhenium  for  a maximum  cathode 

tempe'  JM.re  of  1350  C brightness  is  shown  in  Figure  43.  The  d-c  work 
fund"  . A under  these  conditions  of  operation  was  1.  96  electron  volts,  and 
the  A value  was  0.  09  amp/cm^/K^.  The  d-c  emission  current  at  a temper- 
ature of  1350  C brightness  was  230  ma/cm^.  Both  of  the  Richardson  plots 
for  d-c  and  pulse  emission  include  two  sets  of  observations. 

The  emission  currents  that  were  obtained  arc  suspected  of  being  low 
for  this  type  of  cathode,  as  it  may  be  more  susceptible  to  poisoning  by  water 
vapor  before  insertion  in  the  diode  than  was  expected  originally.  Determina- 
tion of  the  emission  constants  of  an  impregnated  rhenium  cathode  in  a 
sealed-off  tube-now- appear  necessary.  Arrangements  are  being  made  to 
place  a rhenium-impregnated  cathode  in  a nonoscillating  magnetron  so  that 
both  the  thermionic-emission  constants  and  the  behiavior  of  the  cathode  in 
a magnetron  may  be  determined  in  the  same  sealed-off  tube. 


Secondary-Electron-Emission  Coefficient 


The  secondary-electron-emission  coefficient  of  rhenium  metal  was 
measured  in  order  to  determine  the  possibility  of  employing  rhenium  as  an 
electron>tube  grid  material  or  as  a magnetron  cathode  emitting  surface. 
These  measurements  were  performed  with  equipment  that  had  been  set  up 
previously  and  employed  for  the  same  type  of  measurement  on  another  proj- 
ect. This  equipment  was  properly  reconditioned  and  tested  prior  to  the 
rhenium  secondary-emission  determinations.  The  essential  circuit  com- 
ponents and  the  arrangement  of  some  of  the  electrodes  in  the  electron-gun 
assembly  are  illustrated  by  the  sketch  in  Figure  44.  The  measurements 
are  obtained  in  a vacuum  of  the  order  of  10”®  mm  of  mercury  maintained  by 
a dynamic  system.  The  system  is  evacuated  through  a liquid-nitrogen  cold 
trap  by  a three-stage,  oil  diffusion  pump  with  the  usual  mechanical  fore- 
pump. A pulse  technique  is  employed  for  the  measurements,  so  that  the 
equipment  can  be  employed  for  either  metals  or  dielectrics. 
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nGUF:E  42  RICHARDSON  PUDT  OF  PULSE  EMISSION  DATA  FOR  IMPREGNATED  CATHODE:  20  PER 
CENT  BARIUM  ACUMINATE.  80  PER  <^NT  RHENIIW 


RICHARDSON  PLOT  OF  0-C  EMISSION  DATA  FOR  IMPREGNATED  CATHODE:  20  PER 
CENT  9ARIUM  ALUMINATE.  80  PER  CENT  RHENIUM 

A-iOC2I) 


A pul  St!  of  voltagi  and  ^ iriggcT  are  produced  in  a Pipsls  generator. 

Xlie  triggs!? may  be  adjusted  to  occur  at  any  desired  time  jbefdre  the  puise^ 
and  operates  a synchroscope  On  which  the  amplitude  of  th^  pUlse  .^s  observed. 
The  voltage  pulse  is  arriplified  from  40  to  150  volts^  and  tl^eo;  is  spplied  to 
the  electron  gun  to  turn  on  .-i  beam  of  electrons  for  the  duration  of  the  pulse. 
The  eler-tron  beam  from  the  gun  is  directed  to  the  target.  . With  the  revers*- 
ing  switch,  the  collector  around  the  target  is  made  negative  with  respect  to 
the  target  by  aipotcntial  that  can  be  increased  to  180  yblta.!  The  current 
through  fhe  7000-ohm  resistor,:  designated  2K  in  the  sfe-etcli,  produces  a 
voltage  hulse  with  an  amplitude  t^at  is  pro‘J>ortional  to  the  ^|urrent  iii  the 
primary! beam  of  electrons.  The  reversing  switch  is  then  thrown  to  make 
the  collector  positive  with  respect  to  the  target  by  an  adjustable  potential 
so  that  ill  collects  secondary  elettrone,  but  does  not  collect  any  electrons 
from  th'J primary  beam.  The  current  through  the  2000-ohm  resistor  is  then 
the. difference  between  the  secondary-clcct>  on-emission  current  and  the  ■ 
prii^ary  beam  current.  For  a negative  collector  voltage,  the  current  ino^- 
dent  on  tke  target  surface  is  the  total  current  in  the  incident  electron  bea;m, 
and  all  secondary  electrons  are  driven  back  into  the  target.;  For  the  positive 
collector  voltage,  all  secondary  electrons,  arc  drawn  to  theijcollector  and  i 
the  current  crossing  the  target  surface  is  the  beam  current  minus  the 
secondary-electron  current.  1£  the  current  for  a positive  collector  voltage 
is  designated  aS  Ip  and  the  current  for  the'negative  collector  voltage  is  Ij,ji 
theii  ■'  ■; 


i! 


Secondary  Current  - I 


•pi 


’ Primary  Current  y 1^  . 

■ h 

The  coefficient  of  secondary  emission  is 


b =iL:-iE. 


‘■n 


Since  the  filament  in  the  electron  gun  is  at  ground  potential,  the  target 
is  at  a positive  potential  with  respect  to  ground.  This  positive  potential  is 
equal  to  the  energy  of  the  electrons  in  the  primary  beam  that  is  incident  on 
the  target.  As  a consequence,  the  video  amplifier  must  measure  a small 
pulse  voltage  that  may  be  from  100  to  5000  volts  positive  with  respect  to 
ground.  The  double-mesh,  RC-filter  that  is  indicated  in  the  sketch  is  to 
permit  this  measurement  at  this  high  potential  with  respect  to  ground.  The 
steady,  thermionic-emission  current  from  the  heated  target  does  not  affect 
the  video  amplifier  and,  therefore,  does  ns,  j/fect  the  rneasurerrisiit  of  the 
secovjtiary- emission  current. 


S»“veral  detcrmlnationi?  of  ihe  secondary-emission  coefficient  of 
rhenium  were  made  under  various  conditions  of  temperature.  Two  different 
samples  were  employed  for  the  rneajTurcitiKi’i.ts,  One  ol  these  samples  con- 
sisted of  a section  of  an  c=io-mcited  button  that  had  been  ground  to  a thick- 
ness of  10  mils.  After  the  initial  rneasurementr.,  this  spcciiman  wa.'r 
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removed  from  the  system  and  polished  and  then  replaced  iW  additional 
determinations  of  the  secondary-emission  coefficieht.  The  second  sample 
consisted  of  a l-cm-squara  piece  of  5-mil-thick  foil  that  had  he en  rolled  ^ ji 
from  a sintered  bar  of  pure  rhenium  rnetal,  A curve  SuO'^'ihg  the  scco^'idaiTy" 
emission  coefficients  for  both  samples  at  an  optical  temperature  of  1000  d- 
is  shown  in  Figure  45.  From  this  curve,  it  may  be  observed  that  the  n,,  «i- 
mum  coefficient  occurs  over  a rather  broad  range  of  primary-beam 
energies,  A maximum  of  1.4  is  indicated,  and  occurs  at  a primary  energy 
of  approximately  650  volts.  The  data  were  fairly  reproducible  and  Inde-^ 
pendent  of  target  temperature. 

The  impurity  contents  of  the  samples  were  not  knov/n,  although  it  is 
highly  possible  that  small  amounts  rf  aluminum^  magnesium,  calcium,  and 
silicon  were  present  in  the  samples.  Thesis  impurities  arc  believed  to 
represent  not  over  0.  2 per  cent  of  the  total.  It  is  known  that  impurities 
do  affect  the  value  of  the  secondary-emission  coefficient  but  sufficient  data 
are  not  available  to  ascertain  the  effect  in  the  above  measurements. 


The  Water-Cycle  Effect 


Hot  tungsten' filaments  in  practical  vacua  fail  partly  because  of  an 
oxidation- reduction  reaction  ihvolving  water  vapor.  This  reaction  is  called 
"the  water-cycle"',  because  of  its  cyclic  nature.  The  filameitt  first  reacts 
with  water  vapor  to  form  tungsten  oxide  and  atomic  hydrogen.  Then  the 
volatile  tungsten  oxide  vapoi'iaea  from  the  filament  and  condenses  on  the 
cooler  parts  of  the  bulb.  Here  it  is  reduced  by  atomic  )»ydrogftn  to  metallic 
tungsten,  with  the  re-formation  of  water. 

Langmuir(^^')  indicated  the  importance  of  the  watei-cyclc  effect,  in 
contrast  to  evaporation,  in  the  failure  of  tungsten  filaments,  in  order  to 
compare  the  merits  of  tungsten  and  rhe'nium  as  filaments,  it  is  important 
to  know  their  relative  losses  by  the  water-cycle  effect. 


Qualitative  Observation 

For  the  first  comparative  teat  of  the  water-cycle  effect  on  rhenium 
and  tungsten,  hairpin  filaments  of  each  of  the  metals  were  placed  in  opposite 
ends  of  a glass  U-tube,  Both  filaments  were  made  from  approximately 
0,015-inch  wire  and  vvcvc  2 inchea  long.  The  tube  was  exhausted  and  sealed 
so  that  the  water-vapor  presHure  v/aa  nrnvii  in-4  rt^m  of  mercury . Both 
filaments  Wciw  heated  iw  * temperature  of  1400  C brightness  for  20  hours. 
The  reaults  «re  appHieiit  in  the  ohotograph  shown  in  Figure  46j  where  tii* 
darkest  poition  of  the  tube  is  the  area  ■ jrrounding  the  tungsten  filament. 
Most  of  the  deposit  On  the  glass  walls  near  fhe  rhenjum  filamejit  accumu- 
lated diuii.'B  the  first  2 hours. 
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Relative  yVater-Cycle  Losses  of  Rhxemvum  . 

and  Timgsten  ^ 

■ ' ■ , " ’ , ■ ■ 

A U-tube  similar  to  that  shovm  in  Figure  46  hau  been  used:  to  xne&sul'ej 
by  weighingj  the  relative  losses  from  rhenium  and  tungsten  filaments.  In '• 
these  experiments,  coiled  filaments  made  from  wires  of  approxirhately  thh 
same  diameter  and  length  were  surrounded  by  molybdenum ;|cylinders.  Thclse 
cylinders  could  be  inserted  and  removed  easily,  and  were  yreighed  on  a 
micrpbalance  before  aiiid  after  exposure  to 'the  hot  filament 

In  the  first  experiment  of  this  type,  tfie  tube  was  evacuated  and  sealed 
to  give  a water-vapor  pressure  of  about  3.0-^  mm  of.  mercury.  Both  fila- 
ments were  heated  at  a temperature  of  1400! C brightness  for  Z2  hours, 
liSQO  C l^rightness'  for  168  hours,  and  1800  Cl  brightness  for  4-l/2  hours. 

The  weights  of  rhenium  and  tungeten  .pbUected  were  0.  17  milligrarii  and 
29..  96  milUgra;|ns,  respectively.  This  indicates  that  the  tungsten  filament  Xt 
erodes  at  a ra|e  approximately  176  timi'es  gr'^ater  than'The  rheniuni  filament  »' 
does  under  tUej  conditions  of  this  experiment;  !:  | 

In  a secfpnd  test,  the  filaments  were  prepared  in  the  same  way  as  in  11 
the  first  test, '/but  the  U-tube  was  evacuated  with  an  oil  diffusion  pump  and  . 
liquid-nitrogeh  trap.  The  tube  was  sealed  pfi|  lyhen  the  ionization- gage  . 
reading  was  8 x 10“  mm  of  mercury.  Theiainounts  of  tungsten  and  rhdniurii 
collected  after  370  hours'  operation  at  1600  C brightness  gave  a ratio  of 
loss  of  tungsten  to  rhenium  of  120. 

Ih  a third  test,  using  the  same  rhenium  filament  asf,  before  bpt  a new  .j 
tungsten  filament,  the  U-tube  was  evacuated  and  bak'^d;  at  450  C foz'  about 
4 hours.  The  filaments  wpre  then  outgassed  at  1600  C brightness.  The 
U-tubc  was  again  baked  at  450  C for  about  2 hours,  a litjuid-nitrogen  trap 
inserted,  and  the  tube  cooled  to  room  temperature.  The  filaments  were 
again  outgassed.  When  the  .ionization- gage  reading  8hov>'ed  a pressure  of 
8 X 10"7  mm  of  mercury,  itAe  tube  was  sealed.  After  operation  of  the  fila- 
ments at  1600  Cibrightnesfii  for  220  hours,  the  ratio  of  Ibsses  of  tungsten  to 
rhenium  was  14;.' 

The  resulijs  of  the  three  tests  are  sunrjmarized  in  Table  24.  The  evapo- 
ration rates  of  tungsten  and  rhenium  are  of  the  same  order.  In  the  second 
run,  the  rate  of  loss  of  tungsten  is  about  2 x 10^  times  greater  than  the 
evaporation  rafe,  whereas  for  rhenium  the  rate  of  loss  is  about  10^  timej> 
greater  than  trie  evaporation  rate,  in  the  third  run,  where  the  water-vapor 
pressure  was  lowest,  the  corresponding  ratios  for  tungsten  and  rhenium  arc 
6 X 10^  and  3 x 10^,  respectively. 
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as  ^ function  the  pressure  of  wa|cy  vapor  at  partial  pressures  above 
lO"  * mm  of  mercury.  The  principSi.e  of  this  experiment  depended  tjn  control- 
ling the  partial  pressure  of  wafer  vapor  over  ice  hy  the  temperature  of  the 
ice  and  the  surrounding  vessel.  The  vessel  w^s  a tube  with  a rhenium 
filament  attached  to  leads  through  one  end.  T^ie  filament  was  surrounded  by 
a platinum  cylinder.  A fraction  of  a milliliter  of  water  was  introduced  into 
the  tube  which  was  evacuated  while  held  at  liquid  nitrogen  temperature  in 
order  to  avoid  pumping  out  the  water.  . The  vapor  pressure  of  water  vapor  in 
the  tube  was  determined  by  the  freezing  temperature  of  the  bath  in  which  the 
tube  was  inserted.  The  liquids  and  their  freezing  temperatures  were;  car- 
bon tetrachloride  at  -22.  8 C;  70  per  cent  nitric  acid  at  -42  C;  chloroform  at 
-63.  5 C.  The6e  temperatures  were  taken  from  the  Handbook  of  Chemistry 
and  Physics.  The  filament  was  operated  at  a temperature  of  1600  C bright- 
ness for  a sufficient  length  of  time  to  collect  an  accurately  weighable  deposit 
of  rhenium  on  the  platinum  cylinder  which  surrounds  the  filament.  The  re- 
sults of  these  measurements  are  shown  graphically  in  Figure  47.  The  grapli 
indicates  tha!t  the  rate  of  loss  of  rhenium  by  the  water-cycle  reaction  in- 
creases by  about  50,  000  times  as  the  pressure  of  water-vapor  increases 
from  10"^  to  4 X 10"^. 


In  most  commercial  applications  for  such  items  as  electron  tubes  and 
electric  lamps,  filament.s  are  operated  in  evacuated  vessels  at  pressures  of 
the  order  of  10”'  to  10"  mm  of  mercury.  This  study  covers  a range  of 
slightly  higher  pressures,  but  indicates  from  Figure  47  that  the  loss  of  the 
material  drops  off  very  rapidly  as  the  pressure  decreases  toward  the  normal 
commercial-practice  range.  Comparisons  of  the  water-cycle  effect  between 
tungsten  and  rhenium  have  indicated  that,  within  the  range  of  pressyires 
.normally  used  in  practice,  rhenium  is  considerably  more  resistant  l:o  attack 
;by  water  vapor  than  is  tungsten. 


Rhenium  Contacts  for  Relay  Se r vie e 


experiments  were  conducted  to  dnterminn  the  relative  merits 
;llav.  Threl:  corntnonly  used  materiaU,  as  contacts  in  electriTal 

'T' m'"'’  Observation,  of  electrical  resistance, 

.r/Cv.gh!;  locts,  und  welding  of  the  contacts. 

For  two  of  tiie  experiments,  a modified  ns.r.e.11  r 1 

BX4d  relay  .as  used.  A set  of  contacts  of  each  of  .he 

tungsten,  and  platinum-ruthenium)  was  mountS  on  th!.  T 

t -.lount-.ct  on  the  same  relay  to  assure 
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FIGURE  47.  RATE  OF  WEIGHT  LOSS  BY  sVATER-CYCLil  MtCMANi'SW 
FROM  RHENIUM  FIL AMENT  AT  1600  C iRIGHTNESS 
TEMPERATURE 
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i<ientical  cycling  ior  pie  pi‘i=ee  materials  iiid  to  approach  similarity  of  con- 
ditions oi  bounce.  tIic  test  contacts  were  closed'oncev^er  second  and  re-  , 7 
mained  closed  for  1/3  second.  Each  break  of  the  circuit  consists  of  two 
arcs  in  series  between  four  contact  tips  of  the  material  which  is  under  test. 

in  the  first  experiment  to  determine  the  relative  merits  of  these  con- 
tact materials,  each  set  of  contacts  was  wired  to  break  a 1 IS-Volt,  60-cycle- 
per-sefpond  circuit  that  supplied  a load  of  li.7  ohms  and  1.5  millihenrys. 

The  steady-state  current  in  each  load  was  8,0  amperes.  Before  and  during 
the  run,  the  contact  resistance  of  each  set  of  contacts  wasi  measured  with  a 
Wheatstone  bridge  on  which  the  applied  voltage  was  1.5  volts.  A sijmmary 
of  thfese  measurements  is  given  in  Table  25.  Each  recorded  value  is  the 

of  ten  measurements.  The  contacts  were  opened  and  closed  Tor  each 
measurement.  These  data  indicate  that  the  resistaiice  of  the  rhenium  con- 
tacts was  consistently  low,  in  contrast  to  the  resistiinces  of  the  two  other 
contact  materials.  li  li 

The  contacts  ran  a total  tim^' of  about  125  hours,  or  45p,  000  openings. 
At  the  end  of  this  time,  the  rhenium  contacts' were  eroded  onl,y  slightly,  and 
were  still  usable.  In  contrast,  the'tungsten  was  badly  chipped  from  mechan- 
ical bouncing  and  the  platinum- ruthenium  contacts  were  badly;  pitted  and 
burned  by  arcing  as  shown  in  Figures  48,  49,  and  50. 

During  the  operation  of  the  contacts,  I’ed  and  black  powders  formed  on 
the  rhenium,  the  quantity  of  black  powder  appearing  greater  than  that  of  the 
red  powder.  X-ray  diffraction  patterns  were  taken  of  the  black  powder  and 
of  the  predominantly  red  powder.  Both  patterns  showed  that  the  major  phase 
in  each  sample  was  Re03.  The  amount  of  Re03  in  the  red  powder  appeared 
to  be  only  a little  greater  than  in  the  black  powder.  Other  components  could 
not  be  iiiantified,  because  their  lines  in  the  diffraction  pattern  were  very 
faint.  ' . 

The  presence  of  ReO^  on  the  rhenium  contacts  explains  their  very  low 
contact  resistance.  The  resistivity  of  rhenium  trioxide  is  200  x 10“^  ohm- 
centimeter,  according  to  Meyer(33j  and  according  to  BiltzC^^).  For  com- 
parison,. the  resistivity  of  carbon  is  about  3500  x 10"^  ohm-centimeter;  that 
of  mercury,  98  x 10“^  ohm- centimeter  at  50  C;  and  that  pf  copper,  1.  7 x 
10“^  ohm-centimeter.  In  the  Literature  iSurvay  Report  0|h  this  project,  page 
60,  it  is  stated  that  oxidation  of  any  of  the  lower  oxides  |»rcduces  rhenium 
heptoxide,  Re207,  that  heating  rhenium  heptoxide  and  rhenium  at  300  C re- 
sults in  the  formation  of  rhenium  trioxide,  and  that  the  heptoxide  melts  at 
297  C and  vaporizes  at  363  C,  These  statements  are  consistent  with  the 
results  obtained  in  the  contact  experiments. 

The  second  experiment  differed  from  the  first  only  in  the  load  circuits. 
The  load  current  m each  circuit  was  8 ampe  res  and  the  line  voltage  was 
115  volts.  There  was  an  inductance  of  38  millihenrys  in  the  load  circuit. 
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0 

0.  17 

\\ 

s\ 

';'\V;0.il 

0.  66 

1 

\ 0.038 

./v  1.5  '7  " 

' 3.7  7 '• 

2 

0.  040 

8 ■ ’ 

3 

0.035 

2.  5 " 7 

2. 9 "'V" 

4 ' '' 

0,  039 

' 

■ 1.6 

'3.1  ' ii 

Ij  " . / ■ !' 

5.  8 

0.  042 

2.4 

„ 1.8 

7 

0.039 

2.6,^,  ,,^^ 

i,  i 1.''9  ‘ J 

i ' " i 

9.5 

0.  043 

2.  3 

■ 

14 

0.  042 

1.6 

2.  5 

29 

0.  040 

2.0 

2.3 

47 

0,040 

' • ' ■ -i' 

1.5 

2.5 

71 

0,  055 

1.6 

3.  9 

101 

0.  044 

1.5 

4.4 
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The  cbntact  resistances,  Whiph  were  measured  in  iihe  same  wa:^  a:s  for  j;he 
first  experiment,  are  shownin  Table'26.  ' 1;  ” . ; 


TABLE  26: 

RESISTANCE  OF 

CONTACTS, 

i’l 

liEXPERSJ^ENT  Z 

i'i  ■ 

li 

Resistance^ 

ohms 

Time,  hours 

Rhenium* 

Tungsten 

Pli(|tinum- 
Ruthenium  Alloy 

0 

0.031 

'•i 

0.  026 

0.3 

5,2 

0.  042 

0,  7 

2.  1 

7 

0.  042 

0.  85 

1.8 

13  .. 

0.  038 

0.  95 

1.6 

17 

0.041 

l.P 

2.  0 

22 

i 0.048 

0. 9 ' 

1.5 

Z9 

« •• 

ii 

1,1 

1,.8 

45  .. 

0.038 

^ -(a) 

p,.  . II  1.  — 

(a)  Coiiuct*  were  not  meetf.ng  property. 


The  loss  of  weight  of  each  set  of  contacts  was  measured  after  hours 
of  operation.  These  loiises,  in  milligramts,  were  40,  338,  and  443,  for 
rhenium,  tmrgsten,  and  platinum- ruthenium,  respectively.  As  in  the  first 
run,  described  above,  i;lie  rhenium  contacts  had  accamuisted  «<jiue  rhc'ttiuin 
trioxidc  powder. 


Because  the  multicontact  • -^Uy  U9ed  in  the  exerriments  iusl  de»rr»h»'d 
did  not  permit  observation  of  v/elding  or  sticking  of  ca.itccta,  rhtt.ium  and 
tungsten  were  each  tested,  one  at  a time,  on  one  pol-.-  of  a Strutheri; -Lunt. 
two-pol'?;  relay,  Model  AD3T8.  The  smglc  an;  dr-iwu  between  tonUtl 
tips  of  roetal  under  te.-l.  The  contacts  were  closed  once  per  iccond  and 
were  held  closed  for  l/'i  second.  An  auxiliary  tiir,ing  circuit  was  arranne-J 
to  turn  off  the  whenavffr  the  contact*  remft.'.ried  rlused  '.crRcr 

about  0.4  second. 
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It  v/as  found  that  rheniam  cj^htacts,  while  opening  a l .l5-volt,  60- 
cycle-per-aecond,  resistance  loai'i  of  8.  0 amperes,  did  not  weld  i!n  a period 
of  2;0  hours.  Ho^'ever,  when  a vaHable  inductor  with  d-c  resistance  of  onlyi 
a few  tenths  of  an  ohm  was  used  aii  a load,  it  was  found  that  both  tungsten 
and  rhenium  contacts  welded  objectionably  for  currents  as  small  as  ; 

1 ampere.  The  rhenium  contacts  generally  welded  tightly,  so  that  they  had 
to  be  opened  manually,  whereas  the  tungsten  contacts  usually  opened  upon 
normal  action  of  the  relays, 

The  above  tests  have  indicated  that,  for  a number  of  applications, 
where  the  load  ^ mainly  resistive,  rhenium  contacts  are  superior  to 
tungsten  and  a platinum^ ruthenium  alloy.  Rhenium  contacts  should  fih4 
widespread  use  in  applications  where  a minimum  of  contact  resistance  is  a 
necessity  and  v/h^ire  a very  hard  material  is  desirable. 


MlSCELLANEbUS  PROPERTIES 

Several  important  properties  were  investigated  that  cannot  logically 
be  included  in  the  major  divisions  of  this  report,  A report  on  these  in- 
vestigations follows. 

Maximum  Theoretical  Oxygen  Solubility^ 


A recent  publication('^^}  discusses  the  limiting  solid  solubility  of  n; 
oxygen  in  transition  metais.  The  oxygen  solubility  is  plotted  against  a 
pai,‘ameter  for  a number  of  metals  so  that  a straight  line  is  formed;  the  j 
equation  for  this  is; 

logs  = -0.909  2.33,  (I 

where  S ■ solubility  of  oxygen,  atom  per  cent  :j ■ 

E a m<;Kiulus  of  elasticity 
V » octahedral  volume. 

E 13  taken  as  67,000,000  psi,  and  V is  c.^lculated  frotn  the  equat:fiOTi: 


V « -1/3  a 


\/|(a.  b7V;.)2  7 |i  - |(CI.  577»)2  + ±]  , 


|i 

1 


whc*c  i and  v.  fei'ri  tin:  lattice  constants,  taken  as  ^.760  A and  4,458  Aj 
re.-.p!:c ri’r fly.  fhtr.  give*;  V = 9, 77  ^3  T£  the  c/a  ratio  is  as^iumed  to  l')e 
ideal  (c/a  » '.633),  t^.en 
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(3) 


v'  . 


and  y'  a 9.  89>  g ■ ..k. 

Substitu  .;.f  :.r  £,  a.  i - a . of  0.000138 

atomic  per  c*"  > r':''..  lu-llip’.  ^ tbe  ratio  bfitwcen  V-,  :■■,  rri'i*.  "^ciTthta 

of  oxygen  am’  rl  .urn.  civss 

« 0 'veTcht.  per  c-'  ’•  aximum  solubility  ol  oxygen 

V I.  aniurri. 

Vacuii  .A.-  .;sion  nnalyr  ■' * j-  . r -.  the  soluble  oxygen  in  arc- 
melted,  fcr;.  jt  .’-bai , and  c • < • r .. . be  around  0.  3001  percent, 
approxima*  . i’;  ten  tim'-*  tl  . . - alr’f  This  is  fairly  good  experi- 

mental agree  rent. 


0x3. anti  OP  Resi?^tanca 


Th*  , , contains  no  specific  data  on  th»i  oxidation  of  pure 
rheniuiT'  i . although  Agte  s\nd  co-workers5(3)  st;iv' thtt  ' ..n  oxidized 

at  the  0 ’ • ' ?*>  tanfesici'  <;  j')00  C,  but  onV'  ^ ;»■»  ;\^^r  ,^Vove 

1600  C.  ''  1,  of  co'jrn-,  wcivi  i !-  r.v  .c.u  -op.:  aess  a voi:r  .e  oxide, 

as  its  po*  3ti',  j.  ' the  . octwetr*  tungstet  \nd  osmivi:  .’'/ould 

kidlca'’  .'’b.i  i"  .i  '.  "cn  obsc  r'^ed  qualitatively  ma  f timely. 

!■*  order  U - ace  the  o.cidat'on  cnaracteri:  ucs  on  fc  nort  firtTi  .).sis, 
niv  o.  i'i.'ttion  tesU  verc  conduc i-’.-t  on  quarter  .:ectiors  ot  rc-melte 
bittor?;.  Despite  V viations  in  grain  size  and  purity  < . \rc-mclt.’ , hot- 
•/•iTC  . i-posited,— and-sint€rcd  rhenium,  it.  felt  th:  t the  pr:  sent  re^^k  t arc 
^r  o’c^.bly  broadly  con,  ct  foi  all  typus  of  rneniu  -n;  or.J’/  mitnir  variat? ' ’.n 
d'.'F.  : : grain  size  and  pu*.  ty  tre  apt  to  occji  ,. 

Each  quarter  button  ■wei.p’''''  ,;ran\,s.  .av^rt  >:■  \ ex'.po  ■!  to 

slo  ojy  moving  air  in  a muffle  fu  Tia'v  • The  ta  il.  tzv'V  ’cre  30..  , 

bOo  900,  1200,  and  1500  C.  The  , are  * . .r..  jn  I ' 27  a.  vr 

f rt  .1. 


'V  r-.a- 


\n  general,  a catastrophic  oxidation  .••  : 

V .V  the  evolution  of  white  fumes  similar  to  - r * 

T ii^se  fumes  are  the  highest  oxid^  of  rhenium-  . 
uv  .ch  melts  at  297  C and  bqi  ,-s"ht  3C5  C.^Ins^/iC*.  •: 
r that  the  attack  wa?/  oi  a ip  ' - 

^ v^if  take  place  prefers:  .tially  at  grain  faces  c*  icterfat  .• 
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TABLE  27.  OXIDATION  OF  RHENIUM  IN  AIR 

Note:  Specimens  prepared  by  quartering  arc- 
melted  buttons  weighing  about  15  grams. 


Exposure 
Temperature, 
C , 


1200 


1500 


Exposure 

Time, 

hour 


0.25 


Specimen 

Weight, 

grams 

Specimen 

Area, 

cm^ 

Weight 

Change, 

grams 

2.  3988 

1.29 

+0.  (M)07 

2.3833 

1.47 

-0.  0172 

2.  1973 

1.29 

f-1.5015 

3.5961 

1.78 

2724 

3.  0609 

1.74 

-^.  2684 

Rate  o£ 
Attack, 
g/cm^/hr 

-0,  0005 

0. 0117 

1.  17 
2.56 
5.  24 


The  room-temperature  oxidation  of  rhenium  has  been  assulhed  to  be 
zero  in  Figure  51,  As  nearly  as  can  be  ascertained,  txxassive  rhenium 
retained  in  the  open  in  this  laboi*atory  does  not  oxidize  and  does  not  lose  its 
surface  finish  if  kept  clean.  This  is  over  a 2-y'eat‘  observation  period. 
Electroplated  nieta^lone,  however,  shows  a definite  tarnishing  tendenpy, 
which  can  be  eliminated  if  the  plated  metal  is  fired  in  hydrogen  following  a 
given  electrodeposition  run. 


Rhenium  Coatings 


A study  of  the  literature  (see  First  Quarterly  Progre«>^  Report  "A 
Survey  of  the  Literature"  for  this  contract)  indicates  that,  in  all  previous 
electroplating  studies,  potassium  perrhenate  has  been  used  as  the  source  of 
rhenium.  The  increased  solubility  (about  5 times  greater)  of  ammonium 
perrhenate  over  that  of  potassium  perrhenate  might  be  advantageous  in 
securing  electrojd£po«its  of  improved  quality.  Therefore,  a series  of 
electroplating  tests  was  performed  using  the  relatively  soluH  e ammonium 
perrhenate.  The  plating  bath  was  a cylindrical  Pyre^  ves«*l  with  a 
capacity  of  about  500  ml.  The  anodes  were  a pair  of  4 x 2 x 0.005-inch 
platinum  sheets. 

Tests  were  performed  employing  plating  baths  of  different  composi- 
tions. The  first  bath  was  prepared  by  dissolving  50  grams  of  ammonium 
perrhenate  in  1 liter  of  dilute  sulfuric  acid  (pH  range  0.  8 to  1. 0). 
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Plates  of  rhenium  on  Clipper  up  to  0.  0008  inch  in  tKickness  were 
produced  at  an  optimum  current  density  of  18  amp/dm^.  These  plates, 
howeve  r,  were  r ither  porous,  and  oxidized  upon  standing  in  air.  \. 

The  next  plating  bath  tried  was  a modified  sulfuric  acid  bath.  This 
bath  was  prepared  by  dissolving  2F  grams  of  ammonium  perrhenate,  54 
grams  sulfuiic  acitLX^^cific  graxdty  1.86),  and  60  cc  of  28  per  cent 
ammonium  hydroxide  in  sufficient  distilled  water  to  make  600  ml  of  ' 
solution.  The  pH  of  thin  solution  was  maintained  in  the  range  of  l.O  to 
1,3  oy  the  addition  of  sulfuric  acid,  \ 

Plating  tests  were  performed  at  room  temperat-.^re  and  at  124  F for 
periods  of  from  3 to  24  minutes.  At  room  temperature,  a current  density 
of  10.8  amp/dm^  was  found  to  produce  bright  adherent  plates.  An  increase 
in  the  current  density  to  12  amp/dm^  produced  comparable  plates  at  a 
temperature  of  124  F. 

The  best  plates  were  obtained  by  plating  the  specimens  for  6 minutes 
at  room  temperature  and  at  a current  density  of  10.  8 amp/dm^.  The 

were  thMk-hydrogen  fired  at  900  to  ?S0  C for  15  minutes  to  make 
certain  that  no  rhenium  oxides  were  present  in  the  plate.  This  plating- 
firing  cycle  could  be  repeated  as  of^en  as  desired.  Tyo  cycles  produced  a 
plate  about  0.001  inch  in  thickness.  \ 

Specimens  plated  as  described  above  have  remained  bright  after 
standing  in  air  for  10  months. 

Tungsten  wire  from  C.  003  to  0.  020  inch  in  diameter  also  has  bi'ten 
plated  sucessfully  using  the  plating-firinj^  technique. 


Purity,  Porosity,  and  Temperature  Relationships 


Following  its  successful  fabrication,  rhenium  wii*c  of  various 
dimensions  was  utilized  for  experimental  work.  Among  the  properties 
determined  on  wire  stock  were  the  thermionic-emission  characteristics 
and  the  vapor  pressure  of  solid  rhenium,  both  types  of  testing  being  con- 
ducted at  temperatures  above  1800  C;  some  of  the  vests  reached  2700  C. 


During  these  experiments,  a disturbing  phenomenon  was  noted,  par- 
ticularly in  connection  with  tur  vapor-pressure  work.  The  50-mil  wire 
specimens  appeared  to  be  fracturing  or  failing  at  the  ^ottest  part  of  their 
6-inch  lengths  after  one  or  two  tests  had  been  made  (iee  the  section  on 
vapor  pressure).  The  actual  break  occurred  during  cooling  of  the  specimen. 
Some  small  tensile  or  compressive  stresses  were  present  during  the  test- 
ing, but  were  considered  too  low  to  be  of  any  significance.  A thermionic- 
emission  spec’men  failed  in  a simil^.r  manner,  but  aft^r  a long  (700-hour) 
test.  In  general,  no  fai.ures  were  observed  when  the  specimen  had  not 
been  heated  over  2200  C.  The  fractures  appeared  as  shown  in  Figure  52. 
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n lift.  Fracture  of  Vapor-*  Pres ause  Specimen 


20>:  N8648 

b.  Fracture  (Above)  and  Surface  Pretrusioae  (Below) 
of  Thermlunic-EmUslon  Specimen 


FIGURE  52.  IvLA.CROGF.APHS  OF  THE  EXTERNAL  APPEARANCE  OF 
RHENIUM  SPECH'.fENS  FAILED  Iri  HIGH- TEMPERATURE 
TE-STS 
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This  was  an  alarmij^g  phenomei'ion,  since  the  high-tempcratur® 
mechanical  and  physical  properties  of  rhenium  have  indicated  that  it  might  ' 
have  elevated~temperatuTe  usefulness.  As  a result,  much  effort  was 
directed  toward  uncovering  the  source  of  the  trouhle. 


Inspection  of  the  fractures  alone  told  little  except  that  the  bipeakage 
was  brittle  in  each  base,  ^etallographic  studies  told  the  story  illuatrated 
. in  Fi^re  53.  Figure  53  consists  of  micrographs  taken  (a)  at  the  fracture 
cad,  (b)  at  a position  halfv/ay  froih.  the  fracture  to  the  cold  electrical  clarnp 
end,  and  (c)  at  the  cold  clamp  end.  The  fracture  actually  occurred  during 
cooling  of  the  50-mil  wire  when  the  electrical  power  had  been  turned  offi 
Thus,  no  arcing  occurred  to  cause  extensive  melting.  The  fractured  end 
shows  many  small  voids,  which  extend  back  along  the  hot  portion  of  the  wir^? 
at  leasit  td  a point  halfway  to  the  cold  end.  The  cold  end  shows  a perfectly 
normal  rhenium  structure.  It. was  immediately  obvious  that  exposure  to 
elevated  temperatures 'was  necessary  to  cause  the  porosity,  and  quite 
(j  probably  the  porosity  was  connected  with  fracturing.  Inspection  of  the 
thermionic-emission  specimen  of  Figure  52  showed  a like  history. 


' ) Controlled  Porosity  and  Fracture  Tests 

"jiu  ' ' 


A series  of  control  tests  was  instituted  then  to  determine  more  exactly 
the  conditions  surrounding  these  fractures  or  "burn-cuts".  Several  rhenium 
specimens  'fvere  cut  from  60-mii  wire  and  ground  to  the  shape  of  small 
dumbbells.'  Tbs  reduced  center  portion  wa:*  designated  as  the  test  section 
and  had  been  ground  to  25-mil  diameter  in  each  case.  The  specimens  were 
then  mounted  on  nickel  supports  in  evacuated  (10’<>  to  mm  of  mercury) 
and  hydrogen-filled  (l/2  to  2/3  atmosphere)  glass  tubes.  Current  v/as 
passed  through  the  specimens,  one  at  a time,  each  being  heated  to  a 
' difiei-ent  temperatura.  They  were  heitl  at  temperature  for  1 hour  if  no 
failui^e  occurred.  Table  28  lists  the  results  of  these  tc/jts. 

Aa  had  been  estimated  previously,  the  porosity  and  burn-outs  both 
commenced  in  the  2200  to  2300  C temperature  range  for  the  vacuum  tests. 
The  ambient  atmosphere  of  hydrogen  raised  the  effective  operating  tempera- 
ture of  the  rhenium  about  200  degrees  eetitigrade  to  2500  C,  The  porosity 
and  fracturing  then  occurred  exactly  as  had  been  the  case  in  vacuum.  The 
increase  in  fracture  temperature  under  hydrogen  may  have  been  due  only 

to  the  increase  in  ambient  pressure,  or  to  the  pofif.tivc  reduction  effect  of 
hydrogen. 


The  appearance  ol  these  specimens  was  somewhat  difJcTeni  nt  th- 
fracture  (or,  more  specifically,  "burn-ouf  \ in  these  case^,)  than  ws  ' 
xouna  lor  the  vapor-pressure  specimens  of  Figure  53,  JP'iguy-  54  illustrates 
the  condition  exifiting  in  the  controilcd  tests;  the  difference  in  appeufan^e 
was  due  to  the  specimens ‘ still  being  heated  by  an  applied  current  during 
the  occurrence  of  the  burn-out,  which  esured  arcing  and  mtUivig  occur 
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a.  Boropl^  at  Fracture  ol‘  ; 
Rheniiun.  Vapbr-Pf  asflure 
Specimen 


250X 


N8773 


b.  Porosity  Halfway  From 
Fracture  to  Ciaiilltp  .End 


250X 


N8?7'4 
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Ct  Absence  ol  Porosity 
in  Relatively  Cold 
Clamp  End 


250X 


N6775 


FIGURE  53.  POROBITY  IN  liHENlUM  V APOK-PKESSUKE 
SPECIMEN  WHICH  FAILED  IN  TEST 
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TABLE  28i  THE  EFFECT  OF  HEATING  RHENIUM  IN 
: high  VACUUM  AND  HYDROGEN 


Ambient 

tiondition 

Temperature; 

G 

Test  Time, 
minutes 

Occurrence 
of  Burn-^t 

Occurrence 
of  Porosity 

Vacuurit 

1700 

60 

■■  ''No 

ii 

No 

Vacuunrji 

1900 

■ li  60'n- 

No 

No 

Vacuum 

2100 

60 

No 

No 

Vacuum 

220q| 

60 

No 

Slight 

Vacuum 

2300 

17 

Yes 

Yes 

Vacuum 

2400 

„ 4 

Yes 

Yes 

Hydfogen 

2200 

60 

No 

'1 

No 

Hydrotfen 

2400 

60 

No 

No 

Hydrogen 

2 .‘>00 

48 

Yes 

Yes 

Hydrogen 

2600 

NoneC*^) 

Yes 

(«i}  Buined  out  at  about  2fiS0  C ^ to  Uiiupoiatuie . 


the  inonient  of  f&ilure.  Figure  54a  shows  that  porOsity  existed  near  the 
iractdre  iri  the  unmelted  raetal.  The  pores  evidently  increased  in  siae  until  ; 
the  resistance  increased,  causing  a temperature  increase,  which  caused 
more  porosity  and  finally  a burn-out.  Arcing  occurred  at  the  moment  of 
bum-uut,.  leaving  a ball  of  molte??  lyietal  on  the  burn-out  ends.  Pores  con- 
tihued  to,  72orm  in  the  moilen  metal  until  it  cooled  and  solidified.  Figure 
S4b  slio^s  an  exceptionally  large  pore  trapped  by  freezing  like  a balloon 
about  to^  burst, 

i ■ ■'  .ti  .. 

■ I These  series  of  experiments  resulted  in  two  obvious  conclusions.  2 

(1)  2300  C was  die  critical  temperature  above  which  porosity 

1 and  burn-outs  would  occur  iu  vacuuan, 

' ■ ■ ' ' ii  / 

(2)  Porosity’ was  the  cause  of  the  burn-outs. 

The  Effects  of  Purity  on  Porosity 
and  Burn-Outs  li 

i- 

Upon  observing  the  porosity  ahd  the  attendant  filament  failures,  one 
of  the  first  items  to,  be  brought  under  suryeiliance  was  the  impurity  content 
of  the  metal.  It  was  thought  that  vaporizing  impurities  might  have  caused 
the  pores;  as  the  expeiH.mentation  progressed  and  more  analytical  data  were 
gathered,  it  became  increasingly  obvious  that  this  view  was  correct. 

Gaseous  Impurities.  A check  of  the  possible  gaseous  impurities, 
oxygen,  hydrogen,  and  nitrogen,  showed  no  significant  difference  between 
crystal-bar  rhenium,  sintered-type  rrhenium  in  which  pores  hiSid  been  formed, 
aind  rhenium  from  the  same  lot  that  had  not  been  treated  at  high  temperature 
and  thtis  contained  no  pores.  The  crystal-bar  material  generally  is  con- 
sidered to  be  an  extremely  pure  type  of  metal  insofar  as  gaseous  impurities 
are  concerned.  Table  29  shows  the  results  of  the  vacaum-iusio.i-!.ypa 
analysis  conducted;  that  there  is  no  ;iigni£icant  difference  betv/een  the  three 
specimens  is  obvious.  Thus,  the  porosity  could  not  be  the  result  of  included 
gases, 

Nongaseous  Impurities.  The  sections  of  this  report  on  u-netal 
preparation  and  consolidation  record  how  it  was  found  nece^tsary  to  prepare 
finely  divided  ammonium  psrrhenate  in  order  to  produce  metal  powder  ‘ 
sufficiently  finely  divided  to  be  sintcrable.  The  ammonium  per rhenate 
usually  was  prepared  only  as  relatively  coarse  crystals,  which  were  then 
comminuted  to  a fine  powder  by  ball  millmg  in  a rubber-lined  bail  mill 
The  balls  were  made  of  Burundum,  a ceramic  composed  of  alummurn,' 
magnesium,  and  calcium  oxides.  The  ball-milling  *.tep  caused  an  increase 
in  hnpurities  (see  Table  30)  but  tfciis  did  not  appear  to  harm  Che  fabricaUon 
techniques  or  the  various  physical  and  mechanical  properties.  The  total 

"iMtU  she  cstspUon  of  die  xnelting  point;  tec  tlie  teciior,  on.thli  iui>kct  6b«ve. 
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TABLE  29.  GAS  CONTENT  OF  RHENIUM  AS 
DETERMINED  BY  VACUUM- 
FUSION  ANALYSIS 


1: 

j Material 

Gas  Content, 

parts  per  million  by  weiglit 
02  H2  ^2 

II  Porous  rheniumi®) 

8 

1.3 

' s <6 

^ Nonporous  rheniuml^) 

6 

0.6 

< 5 

Crystal-bar  rhenium 

S'  .-L^_ 

9 

1.4 

<8 

(a)  Prepared  by  powder-rAetalluigy  method*:  poroiliy  resulted  from  failure 
during  vapor -pressure  test  at  2^0  C. 

(b)  From  same  stock  as  porous  rhenium,  but  not  exposed  to  test. 


TABLE  30.  METALLIC  IMPURITIES  PRESENT  DURING 
THE  PROCESSING  OF  RHENIUM 


Impurity  Content, 

per  cent* 

Impurity 

Ammonium 
Perrhenate  (®) 

Rheniutn 

Metai(^) 

Rheni\}rn 

MetaU^') 

Rhenium 

Metal^) 

Copper 

0.0003 

0.0002 

0.0021 

0.0015 

Iron 

0,0030 

0,030 

0.024 

6.015 

Aluminum 

0.004 

0.025 

0,094 

0,005 

Mangane  se 

N.  F.(e) 

N.  F, 

0.  0020 

O.OUS 

Silicon 

0,005 

0,018 

0.028 

0.039 

Magnesium 

0.005 

0.025 

0,038 

0.012 

Calcium 

N.  F. 

0,010 

0.017 

0.005 

Molybdenum 

N.  F. 

0.0023 

N.  F. 

N.  r. 

Total  impurity  content 

0.017 

0.  Ill 

0.205 

0.083 

Total  aluminum, 
calcium,  and 

Q.014 

0.060 

0.153 

0.022 

magnesium  content 


(a)  Prior  to  ball  milling. 

(b)  Prepared  from  an  early  batch  of  ball-milled  ammonium  perrhcpete. 
ic)  Prefiared  from  a rece.nt  batch  of  ball-milled  ammonium  pcrthe-nste. 

(d)  Pieparsd  from  noH-baU-milied  (hand  ground  in  agate)  ammoniuro  perrhenate. 

(e)  Not  found. 


fA 


wm 

I 

fA 


j about  0.  1 11  per  cent,  compared 

impurity  content-of^tbe-reduce  po  j perrhcnate  prior  to  ball' 

with  0.  017  per  cent  impurity  m tbe  ammonium  pe 

milling.  \ 

Table  30i  Wave  uncovered  a substantial 

more  '*'"'■  , „-«i.nd  0.  ^05  is  now  reportable.  Table  30 

increase  in  impurities;  a ° ^ aluminum  magnesium,  and  calcium.  It 

shows  that  this  is  entire  y ° ^ responsible  for  this  additional 

is  obvious  that  the  Burundum  balls  p„,„, 

pickup:  furthermore,  the  * ,o  .ach  other  as  they  were  in  the 

in  the  rhenium  powder  in  the  same  rano 

Burundum. 

Table  31  gives  the  approximate  boiling  points  of  fte  major  metallic 

imoar^J^s  andilthe-wides  of  aluminum,  calcium,  and  magnesium:  ft  t. 

impurities  ano-w^  ♦Ksa«^  materials  were  present  in  the 

not  known  positive  y ^ ^^ides  were  p^resent  and  unreduced, 
reduced  state  o . Hauid  state  might  be  Sufficient  to  cause  the 

pro^r;'’::p=:i  ‘o*  -"v  hydrogen  tr«.t. 

S^ente  Lt  L metal  had  undergone  in  c«7.lnly 

unalloyed  metals  as  impurities,  many  of  which  boil  below  2300  C,  certainly 
w^ld  be  sufficient  to  cause  the  porosity.  Of  these  impur.Ues,  magnesium 
or  magnesia,  having  the  lowest  boiling  points  and  appearing  in  appreciable 
quantlSs,  might  be  expected  to  cause  the  most  trouble.  1“  “V  *f »f • 
removal  of  the  impurities  placed  in  the  rhenium  powder  by  ball  milling 
n”tainly  would  be  expected  to  be  a large  step  toward  solution  of  the  porosity 

problem. 


This  was  done  simply  by  hand  grinding  the  ammonium  perrhenate 
crystals  in  a small  agate  mortar,  instead  of  ball  milling  them.  This  is  a 
very  laborious,  impractical  operation,  but  it  sufficed  to  produce  fine 
sinterable  rhenium  metal  powder  upon  reduction.  The  analysis  is  repeated 
in  Table  30  (d),  and  shows  a total  impurity  content  of  only  0.  083  per  cent, 
the  total  aluminum,  calcium,  and  magnesium  content  having  been  cut  to 
one-seventh  its  former  high  value. 


Two  observations  immediately  indicated  ttiat  success  had  been 
achieved.  First,  upon  sintering  the  metal,  it  assumed  a much  finer, 
smoother  surface  finish,  indicating  that  the  tendency\toward  gasification 
at  the  high  sintering  temperature  of  2700  C was  very  slight.  Second,  a 
determination  of  the  melting  point  (see  Table  9)  on  this  new  hiph-purity 
material  gave  results  that  checked  closely  witl  the  literature  arid  with  each 
other,  indicating  that  earlier  results  probably  -.'...rc  iny&lid  due  to  low 
melting  caused  by  the  presence  of  the  mu cussed  impurities. 


Final  proof  that  these  impurities  were  the  cause  of  porosity  was  ob- 
tained when  a dumbbell-like  test  specimen  was  fabricated  from  the  new 
high-purity  metal  exactly  as  described  previoui<ily.  It  was  heated  under  a 
pressure  of  lO""^  mm  of  mercury  for  1 hour  at  2500  C;  not  only  did  it  not 
fracture  or  "bu«-t>at^  as  the  other  material  had  done  at  2300  C,  but  it 
exhibited  no  visible  deposition  because  of  vapor  pressure  or  water  cycle  on 


WADC  TR  54-371 


\ 


126 


Reproduced  From 
Best  Available  Copy 


ABLE  31.  BOILING  POINTS  OF  METALLIC  L\ 
AND  OF  CERTAIN  OF  THEIR  OXID 


Impuricy 


Copper 


Boiling  Povr.!^' 


IP'jrjTIES 


(37,  3») 


t'on 


M^nganese 


silicon 


.lagnesium 


Calcium 


i.lolybdenum 


AI2O3 


// 


) z wfi  0 


\ 

a 

/f  iliO 


1240 


3700 


2980 


i 2850 

X 

\ 

>2500 


vfAr.'Z  T ^ y--' 


3>T 
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the  >vell»  of  tHe  senled  tubwi  One  hour  at  2700  C gave  essentialiy  the  same 
resalts.  At  2900  C,  the  specimen  burned  out  after  37  minutes:  later,  the 
|>ur;i-oi^t  was  determined  to  have  been  caused  by  porosity,  and  not  by 
-(^apor-presaure  failure,  even  though  considerable  blackening  of  the  tube 
wall  ociiurred  at  this  tehlperature.  The  porosity,  occurring  at  2900  C in 


the  new  material  as  opposed  to  2300  C iu  the  fheuium  with  high  impurity 


content,  appeared  as  in  Figure  55,  This  has  essentially  the  same  appear- 
ance ms  the  porosity  that  occurs  in  tungsten  projection  lamp  filaments 
when  operated  at  about  3000  Thus,  by  increasing  the  purity  of 

rhenium  by  the  process  of  avoiding  ball  milling,  the  practical  operating 
temperature  of  rhftnium  filaments  has  been  raised  from  about  2200  C to 
around  2800  C.  It  is  entirely  possible  that  further  improvement  could  be 
effected  by  further  increasing  the  purity.  There  is  little  doubt  that  the 
wora% porosity  promoter  is  either  aluminhni,  calcium,  or  magnesium. 


FlGbKi!.  55.  POROSlTy  IN  RHENIUM  METAI  HEATED  TO  2900  C 


Metallographir  Techniques 


aheuiutn  work  hardens  greatly,  and  tUuB  exhibit.-!  a strong  tcndenc> 
toward  excessive  twin  development  during  grinding  and  Folitahing.  Repeated 
eu:iung  and  polishing  is  often  necessary  to  aUcyiate  the  gibr^ition.  Ths 
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most  successful  etchant  r,ie;?xi  s'cCmd  to  be  an  electrplytic  oxalic  acid 
solution.  The  current  density  recommended  is  about  3 tp  10  amp/in.  ^ at 
7 to  8 volts. 


DISTRIBUTION  OF  INFORMATION  AND  MATERIAL^ 


Since  the  direct  object  of  these  researches  on  rhenium  has  been  to 
discover  new  uses  for  the  metal  through  a more  thorough  evaluation  of  its 
properties,  it  was  obvious  at  the  onset  of  the  work  that  close  contact  would 
have  to  be  established  with  industrial  organisations  concerned  with  the  use 
of  such  a metal  as  rhenium.  Ideally,  the  situation  would  be  for  this  Govern- 
mental  research  to  do  the  primary  digging  work,  and  then  allov/  interested 
industrial  (or  educational}  parties  to  continue  with  mbre  detailed  research 
on  rhenium,  and,  if  possible,  to  carry  their  research  to  its  ultimate,;  goalg 
production  of  a commercial  item  containing  rhenium.  Thus,  the  potential 
of  rhenium  would  commence  to  be  realized.'  In  at  least  one  case,  tjiis 
policy  has  been  foUpwed  almost  to  the  letter*,  and  commercial  use  of 
rhenium  for  the  specific  application  involved  appears  to  be  very  close. 


Accordingly,'  a policy  of  cooperation  with  interested  organizations  was 
established  in  the  early  stages  of  tfcds  work.  The  cooperation  usually  took 
the  form  of  at  least  one  of  the  following:  . ' 


(i)  Arrangements  with  the  Air  Force  to  place  an  interested 
organization  on  the  distributiC'n  list  for  these  reports 


(2)  Arrangements  to  satisfy  requests  for  small  experimental 
quantities  of  rhenium  (in  these  instances,  we  requested 
that  the  user  inform  us  of  his  "overfaJl"  experimental 
findings) 

(3)  Supplying  of  information  in  response  to  a request  for  same. 

In  all  cases  where  a desire  was  expressed  directly  to  us  to  be  placed 
on  the  distribution  list,  the  request  was  referred  to  the  ^iponsor.  Whenever 
rhenium  metal  was  shipped  out  in  answer  to  a request,  the  Sponsor  was  in- 
formed of  this  activity  by  a carbon  of  the  covering  lettef'. 


Organizations  Contacted 


By  many  different  mechanisms,  including  referrals  to  us  by  the 
Sponsor,  we  have  contacted  and  cooperated  with  the  following  parties 
pursuant  to  the  desire  to  expand  the  iield  of  rhenium  knowledge: 
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Spark  Plog  DHaaion,  General  Motors  Corporation 


Armour  Reftejirch  F oundation 


Bi'U  Tcleuhibne  Labc=sratorie$ 


Bendix  Avisition  Cor  poration 


B.  G,  Corporation 


Bbmac  Laboratories,  Inc. 


Cbampiop  Spark  r%-.g  Company 


Chase  Brass  & Coppper  Co, 


Climax  Molybdenunw  Company 


Cornell  University 


Dentist*  s Supply  Cormpany  of  New  York 


Department  of  the A_ir Force 


Air  Research  an(|H)ev!sl£>pment  Command 


Cambridge  Reseai — cb.  Center 


Rome  Air 'Developrament  Center 


Department  of  the  A rmy 


Evans  Signal  Labo  latory 


Department  of  thcbWavy 


Office  of  Naval  Be  seaTrch 


Bureau  of  Ships 


Fanstc:;:!  Mrtallurji  cal  CoTpcraticn 


Federal  Telephone F=iTid  Radio  Corporation 


General  Jt^lectnc  tcs-nnpany 


Cleveland  Wire  Vcr>rks 


WADC  TR  54-5^71 


Lamp  Development  Laboratory 
Research  Laboratory 
Knolls  Atomic  Power  Laboratory 
Aej^otiSCtttC'al  and  Ordnance  Systems  Division 

(18)  General  Laboratories,  Associates 

(19)  Horizons,  Incorporated 

(20)  Johns  Hopkins  University 

(21)  Kennicott  Copper  Corporation 
.)  LinHeld  College 

(23)  L.  H.  Marshall  Company 

(24)  Massachusetts  Institute  of  Technology 
(?.5)  Miami  Copper  Company 

(26)  Murex,  Limited 

(27)  National  Bureau  of  Standards 

(28)  National  Research  Corporation 

(29)  National  Union  Radio  Corporation 

(30)  North  American  Philips  Company 

(31)  Oak  Ridge  National  Laboratory 

^ \ 

(32)  Permo,  Incorporated 

(33)  P.  R.  Mallory  tt  Co,,  Inc. 

(34)  Raytheon  Manufacturing  Company 

(35)  SyWanUTElectric  Products,  Inc. 

\ 

Electronic:  Division  ' 

Metallurgical  Lf  'joratories 

(36)  University  of  Chicago 
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(37)  University  of  Illinois 

(38)  University  of  Tennessee 

(39)  Vacuurr.  Specialties  Compnay 

(40)  Westinghouse  Sl^sctric  Corporation 

Small  samples  of  rhenium  in  one  or  more  of  several  forms  have  been 
i;  given  to  about  20  of  those  on  the  above  list.  In  cases  of  this  sort,  the 
average  sample  is  probably  about  5 grams  in  weight.  Upon  mailing  the 
rhenium,  the  request  has  always  been  made  that  the  scrap  metal  be  returned 
to  us  for  reprocessing:  also,  the  rhenium  has  been  given  only  with  the 
stipulation  that  the  "over-all”  results  of  the  experiments  be  made  known  to 
us.  ’i 

With  few  exceptions,  return  of  information  to  us  from  the  users  of 
rhenium  samples  has  bisen  gratifying.  In  order  tliat  this  information  may 
be  reported,  it  will  be  found  below  classified  according  to  subject.  In  order 
to  provide  a certain  measure  of  security  to  the  organizations  who  have 
reported  this  information,  the  information  is  not  identified  as  to  source. 

Research  on  Rhenium  by  Various  Industrial  and 
ISducational  Organizatiohs 


Electrical-Contact  Tests 

The  Contact  Division  of  the  P.  R.  Mallory  and  Company  has  confirmed 
the  results  of  the  electrical  convact  tests  recorded  herein,  and  they  and 
their  British  associates  have  fivaluated  rhenium  and  its  alloys  on  electrical 
contact  materials. 

Electronic  Properties 

Another  industrial  orgsmiasutson  has  determined  the  work  function  and 
A value.  One  run  gave  (^  - 4,  6(5)  and  A a ?.4;  the  other  run  gave  0 = 4.  7(0) 
and  A “ 24.  5.  This  is  fair  agyeerryt-nt  with  the  results  of  0 n 4.  SO  and  A a 52 
found  in  our  work. 


Metallizing  Applications 

Cartaia  work  has  indicated  that  rhenium  metal  has  high  resistance  to 
molten  nickel  and  that  it  performs  satisfactorily  aa  a heater  wir  e in  depO" 
sitic-n  or  metallizing  operations  v.'i?h  aitkcl. 
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Other  results  from  rhenium  samples  sent  out  are  “expected.  Co- 
operation of  this  type  “With  eijiucational.  Governmental,  and  industrial 
organiasations  will  con'tinue.; 


SUMMARY 


This  investigation  has  shown  that  it  is  possible  to  produce  ductile 
rhenium  metal  by. a prcacess  that  requires  minus  325-mesb  rhenium  metal 
po'r  as  a .-sitarting  matf  The  chemical  processes  required  to  prepare 

this  metal  starting  powder  from  potassium  perrhenate  have  been  developed 
also.  The  powder  is  tbien  pressed,  presintcred,  and  sintered  into  a dense 
niass  that  is  workable  cold  if  proper  care  is  taken;  it  has  been  fqund  im- 
pi^rtant  to  build  up  a fine-grained  skin  on  the  sintered  billet  by  li^ht  cold 
wprking  prior  to  applvitg  heavy  cold  reductions.  Using  these  techniques, 
riienium  can  be  reduce*!  (with  prener  intermediate  anneals)  by  roiling, 
fo'rging,  swaging,  w'ire  drawing,  Turk' s -head  drawing,  and  form  rolling. 
The  most  difficult  of  th  esc  operations  is  wire  drawing,  which  has  npt  yet 
been  made  entitely  succesaful.  Arc-melted  rhenium  and  orystal-bar-type 
rhenium  have  been  evolved  also,  but  their  fabricability  and  general  U,sage 
are  more  limited  than  those  of  the  metal  prepared  by  powder-metallurgy 
methods. 


.Metal  iu  the  various  consolidated  and  fabricated  forms  has  been 
utilised  to  determine  certain  physical,  elecirunic,  and  mechai.4ical  proper- 
ties. The  results  of  some  of  these  experiments  are  presented  below  in  a 
semitabular  form  for  simplicity. 


Melting  point 

Boiling  point  (estinnated) 


Density 


Lattice  constants 


Vapor  pressure,  solid,  at  21250  C 
Vapor  pressure,  solid,  at  2725  G 
Electrical  resistivity 
Spectral  emissivit} ,,  ftt  1000  C 
Thermal  - expans  ion  coe  ff  ic  lent 


Modulus  of  elasticity 


3180  C 


5900  C 


21.  04  g/ cm3 
a a 2.  7&0  A,  c » 4^458  A 
2.61  X lO”*'  atm 
7.37  :£  10“*^  atm 


19,  1 ta  ?.  1.6  microhYn-ern 


0.42 

6.8/G  X 10=-^  (20  to  1000  C) 
67x10^  psi 
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Annealed  tensile  strength  irou) 

164,  OOQ  psi 

Wrought  tsnsile  strength  (wire) 

340, 000  psi 

Annealed  elongation  (rod) 

24  per  cent 

Wrought  elongation  (wire) 

1 per  cent 

Vickers  hardness,  annealed 

270 

Vickers  hardness,  wrought  40  per 
cent 

825 

Recrystalliaation  range 

1100  to  1500  C 

Therrhionic  Emission;  ,, 

Richardson  constant 

52  amp/cm^/K^ 

Work  function 

4.  80  ev 

Maximum  secondary- electron-  1.4  maximum 

emission  coefficient 

' ■ " ] ' ./  ' ’ 

In  addition^  jther  important  properties  not  reportable  in  such  a finite 

manner  were  uncovered.  ''For  instance,  attempts  to  use  rhenixum  as  a corn- 
ponent  in  impregnated  cathodes  have  been  partially  successful.  Rhenium- 
barium  aluminate  compacts  appear  to  have  promise,  but  rhenium  compacts 
v/ith  impregnation  by  carbonates  could  not  be  sintered  without  reduction  of 

the  carbonate. 


One  of  rhenium' s more  valuable  characteristics  la  its  high  resistance 
to  the  so-called  "water  cycle",  a.  phenomenon  involv:lng  a reaction  betv4fecn 
residual  water  vaptji-  and  some  xnetals  in  evacuated  tub(i;s.  'rungsteri  is 
attacked  rapidly  by  even  small  amounts  of  water  vapor,  but  rhenium  appears 
to  be  from  10  to  200  times  as  resistant  as  tungsten  to  this  deleterious  phe- 
nomenon in  the  water  vapor  partial  pressure  range  common  for  electron 
tubes.  This  property,  combined  with  rhenium' s high  elevated-temperature 
strength,  indicates  rhenium  might  be  an  excellent  filament  material  for 
electron  tubes. 

A series  of  test®  has  been  completed  on  the  vitility  of  rbi’vvjism  as  an 
electrical -contact  material.  The  tests,  which  were  conducted  under  con- 
ditions approximating  those  encountered  in  light  duty  industrial  contactors, 
showtsd  rhenium  to  be  much  superior  to  both  tungsten  and  platinurn- 
rutiienium. 


The  oxidation  resistance  of  rheniusn  jij'.s  been  checked;  as  expect? 


rhCsW-irA  a vol3.tiie  oxide  above  oOO  Gj,  30  f.hat,  in  r ir  o”  oxypi 

weight  loss  of  rhenium  becomes  catastrophic  above  this  temperature , The 
theoretical  solubility  of  oxygen  in  rhenium  has  been  calcula-lad  to  be  about 
0.0000} 2 per  cent  by  veight. 
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Rhenium  has  been  elec  erode  posited  successfully^  using  baths  on 

ammonium  perrhenatvs  which  is  considerablyvmore  soluble  than  is  potassium 
perrhenate.  Hence  the  plating  bath  is  leas  rapidly  depleted  of  rhenium  than 
those  previously  recommended  in  the  litersiture.  For  satisfactory  electro- 
deposited  coatings  hydrogen  firing  immediately  after  deposition  is  requirKir 

Porosity  has  been  eucouhte red  in  the  operation  oi  rhenium  filaments 
at  temperatures  above  2200  C;  it  has  been  established  that  this  was  caused 
by  impuritiesi  consisting  mainly  of  aluminum,  calcium,  aud  magnesium 
(or  their  oxides),  acquired  by  the  rhenium  during  ball  milling  of  ammonium 
perrhenate  prior  to  reduction.  Temporary  elimination;  of  the  balNmillihg 
step  has  resulted  in  much  improved  behavior,  with  no  porosity  occurring 
up  to  about  2900  C,  approximately  the  same  temperature  as  that  at  which 
it  occurs  in  tungsten,  • 

In  addition  to  the  work  reported  above,  extensive  efforts  have  been 
made  to  cooperate  to  the  fullest  with  industrial,  educational,  and'Govern- 
mental  organizations  interested  in  rhenium.  This  has  resulted  in  com|« 
munications  with'over  40  such  organizations,  and  hi  so  has  resulted  in  Ire  d 
gifts  of  experimental  quantities  of  rhenium  to  about  half  of  these:  in  exchange 
for  information.  This  program  has  netted,  some  valuable /information  to 
<iate.  ' y 

In  general,  the  results  of  these  basic -property  determinations,  com- 
bined with  the  results  of  the  various  application  tests,  indicate  that  rhertium 
will  have  a very  useful  future. 


FUTURE  WORK 


Copttiiuaiion  of  the  research  work  on  rhenium  will  embrace  almost 
all  of  the  fields  covered  in  this  technical  report;  banic  studies  still  will  be 
considered  paramount.  , 

Specifically,  fabrication  studies  will  be  renewed  with  the  objective  o£ 
shortening  the  current  procedures  for  preparation  o£  rod,  wire,  and  sheet 
by  more  efficient  cold-working  procedures  or  by  the  introduction  of  hot- 
working  procedures.  ,■ 

In  addition,  certain  basic  metallurgical  characteristics  will  be  in- 
ves'£i;>af.cd,  such  as  the  effects  obtained  by  alloying  rhenium  with  platinum- 
group  metals,  tungsten,  and  others.  Wherever  rhenium  exhibits  superior 
surface  properties  and  unit  co:;t  is  important,  the  utilization  of  rhcttiuni  in 
vapor -deposited  or  eiectrodeposited  form  will  be  investigated, 

I^hysical  properties,  such  as  a more  ii.ccura,te  etectricai-reiaistivity 
constant,  will  also  be  investigated  or  amplified  where  warranted. 

Continuation  of  electronic  studies  will  be  emphasised.  This  v.iU 
include  a study  of  rhenium-barium  aluminate -impregnated  cathodes, 
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investigations  of  the 'water-cycle  eXiwct,  and  studies  of  the  use  of  rhenium 
in  iilaments,  plates,,  and  grids  in  lamp  and  vacuum-tube  appJ,icatioi\s. 

Certain  miscellaneous  studies,  .such  as  study  of  the  resistance  of 
t;  I,  rheuiuiri  'lo  mercury  Ht  room  auu  elevated  temperatures  and  the  resistance 
of  rhenium  to  other' molten  metals,  will  be  conducted  also. 

The  encourageiueut  that  has  been  given  to  interested  industrial^ 
educational,  and  Governmental  organizations  in  the  past  in  connection  with 
their  small-scale  testing  of  rhenium  will  be  coutin*^c4  and  expanded  if 
possible.  In  addition,  continued  class  liaison  with  the  organizations  con- 
cerned with  the  potential  ((mining  and  processing  of  .rhenium  •will  be  main- 
tained, so  that  a prompt  commercial  supply  of  rhenium  will  be  available  if 
demand  iio  warrants. 
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